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Preface

This report compiles essential information and data relevant for the assessment of the stor-
age potential of CO; in the eastern part of the Norwegian-Danish Basin. The report is pre-
pared as a contribution to the project "Kortleegning af mulighederne for lagring af CO; i
astlige Nordsg, Skagerrak og pa land i Danmark” headed by “Universitet i Oslo”. The aim is
to provide a framework for extrapolation of Danish data to the study area.

The report contains geological aspects relevant for predictions of the undrilled stratigraphy
and the potential reservoirs in the study area and provides a framework for interpretation of
seismic data. It contains a summary of the geological development of the eastern Norwe-
gian-Danish Basin and the Fennoscandian Border Zone including the Farsund Basin; de-
scriptions and evaluation of potential reservoir sandstones including data on their petrogra-
phy and diagenesis based on Danish well information; a series of comments regarding the
expected stratigraphy in the study area, and a discussion of Neogene uplift and exhuma-
tion.

Based on core descriptions and sedimentological interpretations supported by new bio-
stratigraphic and geochemical analyses of samples from the IKU/Sintef core 13/1-U-1, cor-

relation to the sequence stratigraphic framework established in Danish wells is presented.

Parts of the content have previously been presented and reported to the project group at
the University in Oslo.
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1. Summary

The Mesozoic succession of the Norwegian-Danish Basin contains several formations with
sandstones that may be potential reservoirs for CO, storage (Anthonsen and Nielsen 2008;
Anthonsen et al. 2009, 2011; Frykmann et al. 2009). These include the Triassic Bunter
Sandstone and Skagerrak Formations, the Upper Triassic—Lower Jurassic Gassum Forma-
tion, the Middle Jurassic Haldager Sand Formation, and the mainly Jurassic Frederikshavn
Formation. Additional storage potential may locally occur in the Upper Jurassic Flyvbjerg
Formation. Investigations have shown that among these formations, the potential of the
Gassum and Haldager Sand Formations is probably the highest. This is related to their
distribuition and burial depths, the potential storage volume, the presence of overlying cap
rocks with suitable seal capacity and the presence of large structures at suitable depths.

Both reservoirs are expected to be present in the Skagerrak area and in the Farsund Basin
except on marked salt structures. They are probably sealed by Lower and Upper Jurassic
marine mudstones with large lateral continuity and excellent sealing capacity.

Based on the detailed depositional models and the sequence stratigraphic framework es-
tablished for the Danish part of the basin (Nielsen 2003), and the Danish well data on res-
ervoir and cap rock properties reported here, it is possible to defined predictive models and
interpretations for undrilled areas in the basin based on available seismic data.

Parts of the basin have experienced pronounced uplift and erosion. The exhumation began
between 45 and 20 Ma according to new AFTA data, and may reach ca. 1 km or more for
the Farsund Basin. The amount of uplift needs to be considered when the properties of
reservoir and cap rocks are predicted in undrilled areas as the maximal burial depths are
greater than the present day burial depth.

The report thus contains information on structural development, stratigraphy, sedimentol-
ogy, petrography, diagenesis and exhumation which have been compiled from various in-
ternal sources at GEUS in order to provide a platform for detailed discussion among the
project participants. The scope has been to provide data for the project group for its com-
mon efforts toward predictions of undrilled stratigraphy in the areas seleceted by “Univer-
sitetet | Oslo”.
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2. Introduction

The objectives of this report are to compile relevant information and data on the structural-
stratigraphic development of the eastern Norwegian-Danish Basin in order to contribute to
establishment of a geological framework for interpretations of the seismic data in the study
area and to qualify predictions of reservoir properties.

The geological development of the central and eastern part of the Norwegian-Danish
Basin and Fennoscandian Border Zone is described. When possible, comments regarding
the expected development and stratigraphy of the virtually undrilled Farsund Basin is pro-
vided based on the current understanding of the regional pattern. Seismic data from the
Farsund Basin has not been available for the study except for a few published sections.
Particular emphasis is placed on the Late Triassic—Late Jurassic development as the po-
tential reservoirs and most promising cap rocks were formed during this period. Interpreta-
tions of depositional environments are displayed on regional well-log panels and paleo-
geographic maps. Based on a detailed description of the established geological model for
this part of the stratigraphy and interpretations of the IKU/Sintef core wells northeast of the
Farsund Basin (including new biostratigraphic, palynofacies and geochemical analyses of
13/1-U-1), specific proposals regarding the anticipated geology of the Farsund Basin are
given for each stratigraphic interval discussed.

An interpretation including net/gross ratios of the Upper Triassic Gassum and Middle
Jurassic Haldager reservoirs, which are the most promising reservoirs in the area, is pro-
vided. Additional reservoirs known in the Norwegian-Danish Basin and Fennoscandian
Border Zone are briefly described.

The significant Neogene exhumation in the area is discussed based on a large number of
vitrinite reflectance measurements, AFTA data and shale velocity anomalies in an attempt
to contribute to the estimation of exhumation in the eastern Norwegian-Danish Basin. Ta-
bles with well picks of formations and sequence stratigraphic surfaces are enclosed.
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3. Exploration history

The Mesozoic succession of the Danish part of the Norwegian—Danish Basin and the Fen-
noscandian Border Zone has been target for exploration activities since 1935 and is known
from c. 60 deep wells drilled for hydrocarbons, geothermal energy or gas storage (Fig. 3.1)
(Sorgenfrei & Buch 1964; Nielsen & Japsen 1991). Only poor indications of hydrocarbons
have been encountered. The Mesozoic has likewise been tested in the Norwegian part of
the basin and border zone in c. 10 wells also with poor results; however the succession has
not yet been drilled in the Farsund Basin except for well 11/5-1 located on a salt structure in
the western part of the basin and the shallow core wells drilled on the northern flanck of the
basin.

In the central to eastern part of the Norwegian-Danish Basin and Fennoscandian Border
Zone the principal hydrocarbon play models have been the sandstones of the Upper Trias-
sic Gassum Formation or the Middle Jurassic Haldager Sand and Bryne formations
charged from source rocks within the Lower Jurassic (Fjerritslev Formation) or the Upper
Jurassic—Lower Cretaceous (Bgrglum, Frederikshavn, Tau and Mandal formations). These
plays have been tested by more than 30 wells placed on structures or pinch-outs formed by
salt movements or faults. No or only weak indications of active petroleum systems have
been encountered, and the principal source rock, the F-lll and F-IV members of the Fjerrit-
slev Formation, is immature to marginally mature in the wells drilled. The wells have mainly
been drilled on structures, but seismic data support a relatively shallow burial depth. Suffi-
cient burial of the source rocks prior to Late Cretaceous—Paleogene inversion events and
Neogene exhumation may have occurred in local deep areas, such as the Farsund Basin
where indications of an active petroleum system is found as structural aligned seafloor
potmarks.

The DUC Group drilled four wells south of the Farsund Basin, the F-1 well (1968), J-1
(1970), K-1 (1970), and Inez-1 (1977) (Fig. 3.1). The F-1, K-1 and Inez-1 wells are located
in the Norwegian-Danish Basin, while J-1 is located on the down-thrown side of the Fjerrit-
slev Fault in the Fjerritslev Trough, which is part of the larger Sorgenfrei-Tornquist Zone
that also includes the Farsund Basin. All four wells tested the Haldager and the Gassum
reservoirs. Both reservoirs were present at ¢c. 1050-2050 m of depths overlain by marine
mudstones with seal capacity. Later, the Statoil Group drilled the Felicia-1/1A well (1987)
on a Rotliegend target situated on the upthrown side of the Fjerritslev Fault. The well tested
also a large structure present at top Triassic level (Hanstholm structure), but in an unfa-
vourable position some 700 m down flank of the structure. The well encountered the Hal-
dager and Gassum reservoirs and additional sandstones in the Flyvbjerg Formation (Upper
Jurassic).

GEUS 9
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On the Norwegian side the well 11/9-1 (EIf Norway, 1976) tested the Triassic section on a
large salt structure 30—35 km south of the Farsund Basin (Fig. 3.1). The well started out in
the Triassic and was terminated in Zechstein salt at 1972 m. The well 11/10-1 (Phillips Pe-
troleum, 1969) is situated c. 60 km southwest of the Farsund Basin and was terminated in
the Triassic Skagerrak Formation at 2430 m without encountering the Haldager Sand or
Gassum reservoirs or the Fjerritslev cap rock as the Upper Jurassic unconformably overlies
the Triassic (Rhaetian). The 10/8-1 well (EIf 1971) located some 50 km west-southwest of
the Farsund Basin was terminated at 2861 m in the Zechstein. The well encountered a
good Middle Jurassic Haldager reservoir unconformably overlying the Triassic. The 10/7-1
well (Esso Norway, 1992) is located some 75 km west of the Farsund Basin and proved
good reservoir sandstones in the Bryne/Haldager Sand Formation and the Sand-
nes/Flyvbjerg Formation. The Middle Jurassic sandstones unconformably overlie the Zech-
stein. The 11/5-1 well (Norsk Hydro 2007) located in the Farsund Bassin proved the pres-
ence of Middle Jurassic sandstones unconformably overlying Zechstein.

In summary, none of the five Norwegian wells encountered the Lower Jurassic Fjerritslev
Formation (cap rock), which suffers from deep erosion in the area, especially on structures,
owing to the uplift of the Ringkgbing-Fyn High and regional tilting of the Norwegian-Danish
Basin in early Middle Jurassic time (Andsbjerg et al. 2001; Nielsen 2003). The Haldager
Sand Formation was confirmed as a potential reservoir; however, the reservoir may be
missing, on the highest structures. Reservoir sandstones were furthermore proved in the
Upper Jurassic Flyvbjerg Formation similar to the Felicia-1 well and to wells in the Fjerrit-
slev Trough and the Skagerrak-Kattegat Platform.

GEUS 11



4. Tectonic setting

4.1 Principal structures

The eastern part of the Norwegian-Danish Basin is a WNW-ESE trending intracratonic,
Permian—Cenozoic structure bounded by elevated Precambrian basement blocks of the
Ringkgbing-Fyn High to the south and the Fennoscandian Border Zone to the north and
east (Figs 3.1, 4.1, 4.2)(Sorgenfrei & Buch 1964; EUGENO-S Working Group 1988;
Michelsen & Nielsen 1991, 1993; Vejbaek 1997; Nielsen 2003). The Ringkgbing-Fyn High
separates the Norwegian-Danish Basin from the North German Basin and was probably
formed contemporaneously with the Norwegian-Danish Basin as an area of less crustal
stretching. The Fennoscandian Border Zone demarcates the transition from the basin to the
stable Precambrian Baltic Shield to the north and east. It comprises the Skagerrak-Kattegat
Platform that westward passes into the Stavanger Platform northeast of the Egernsund
Basin (Figs 3.1, 4.1, 4.2). On the Skagerrak-Kattegat Platform the Mesozoic section is rela-
tively undisturbed; it onlaps tilted fault blocks with Precambrian crystaline basement, Lower
Palaeozoic and Lower Permian strata and wedges out toward the northeast (Figs 4.3,
4.4A). The Sorgenfrei-Tornquist Zone is a highly block-faulted 30-50 km wide zone that
runs SE-NW from the Rgnne Graben in the Baltic Sea across southern Sweden through
Kattegat and northern Jylland to Skagerrak, where it turns westward across the Norwegian
shelf (Figs 3.1, 4.1-4.5 ). The zone includes, among others, the deep Fjerritslev Trough
with a Zechstein—Mesozoic succession that locally reaches more than 9 km in thickness
and the shallower Farsund Basin, where the Zechstein—-Mesozoic section reaches slightly
more than 6 km in places.

4.2 Rifting

The principal rifting phase of the Norwegian-Danish Basin and the Sorgenfrei-Tornquist
Zone including the Farsund Basin is marked by tilted fault blocks with basement rocks and
Lower Palaeozoic strata unconformably overlain by Permian rocks (Figs 4.3—
4.5)(Liboriussen et al. 1987; Vejbaek 1989, 1997; Michelsen & Nielsen 1991, 1993; Jensen
and Schmidt 1993; Vejbaek & Britze 1994; Christensen & Korstgard 1994). The crests of
the fault blocks are deeply truncated and this top-pre Zechstein surface is the deepest re-
gional surface that can be mapped by reflection seismic data in the Norwegian-Danish Ba-
sin and the Fennoscandian Border Zone. The surface is relatively flat and smooth indicat-
ing pronounced erosion prior to the Zechstein transgression. The unconformity is pene-
trated by wells, which show the occurrence of Precambrian crystalline rocks on the Ring-
kagbing—Fyn High (Glamsbjerg-1, Grindsted-1, Ibenholt-1 and Jelling-1) and the Skagerrak—
Kattegat Platform (Frederikshavn-1) and Lower Palaeozoic sedimentary rocks in the Nor-
wegian-Danish Basin and Fennoscandian Border Zone (Figs 3.1, 4.1)(Negvling-1, Rgnde-1,
Slagelse-1 and Terne-1; Sorgenfrei & Buch 1964; Poulsen 1969, 1974; Christensen 1971,
1973; Larsen 1971, 1972; Michelsen & Nielsen 1991, 1993; Nielsen & Japsen 1991). The
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shallow IKU/Sintef corehole 13/2-U-2 encountered Silurian strata subcropping the Quater-
nary northeast of the Farsund Basin (Fig. 3.1). These wells all cut the unconformity on
footwall blocks or on hangingwall block crests, where deep erosion has occurred, thus
making an accurate dating of the rifting impossible. In contrast, the Hans-1 and Seaeby-1
wells are located in the deep hangingwalls of tilted fault blocks close to the footwall fault. In
Seeby-1, on the Skagerrak—Kattegat Platform, the unconformity separates Triassic sedi-
ments from syn-rift Rotliegend volcaniclastic rocks. In the Sorgenfrei-Tornquist Zone,
Hans-1 penetrates a pre-rift succession of clastic sediments and extrusive volcanic rocks,
of presumed Late Carboniferous age (Fig. 4.4B). The succession is overlain by a thick Rot-
liegend syn-rift prism of alluvial conglomerates and sandstones and lacustrine mudstones.
The syn-rift succession is overlain by marginal to non-marine Zechstein deposits. In the
nearby Terne-1 well, Upper Carboniferous intrusive volcanic rocks occur, and the volcanic
rocks in Hans-1 and Terne-1 seem to be roughly contemporaneous with the earliest vol-
canic rocks in the Oslo Graben and dolerite dykes in southern Sweden (Bergstrém et al.
1982; Ro et al. 1990). The principal phase of rifting of the Norwegian-Danish Basin and the
Fennoscandian Border Zone is thus interpreted to have occurred in the Late Carboniferous
— Early Permian at the same time as, or slightly later than, rifting of the Oslo Graben (Ro et
al. 1990; Michelsen & Nielsen 1991, 1993).

GEUS 13
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Figure 4.1. Depth structure map of the top pre-Zechstein surface, the deepest surface
that can be mapped regionally by conventional seismic data. Note the large thickness in the
Fjerritslev Trough and the Himmerland Graben situated just south of the Fjerritslev Trough.
Note also that the depth in the Farsund Basin is similar to or slightly shallower than the
main basin (modified from Vejbaek 1977).
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4.3 Post-rifting

The tilted fault block crests are deeply truncated by the mid-Permian unconformity showing
that regional post-rift thermal subsidence was somewhat delayed (Vejbaek 1997). The un-
conformity that defines the basis of the post-rift sequence is overlain by a relatively com-
plete succession of Zechstein salts and carbonates, Triassic clastics, carbonates and salts,
Jurassic—Lower Cretaceous clastics, Upper Cretaceous chalks and Cenozoic clastics that
attains a thickness of 5-6.5 km along the basin axis. A similar thickness of the post-rift suc-
cession is found in the Farsund Basin, where the succession is more than 3 sec (TWT)
thick in places corresponding to slightly more than 6 km (Jensen & Schmidt 1994; Vejbaek
& Britze 1994), whereas the succession attains more than 9 km locally in the Fjerritslev
Trough and the Himmerland Graben (Fig. 4.1). Isochore maps of the Triassic and Jurassic
— Lower Cretaceous successions show a relatively uniform regional thickness over most of
the basin except for areas influenced by local halokinetic movements, indicating relatively
uniform thermal subsidence (Vejbaek 1989, 1997; Britze & Japsen 1991; Japsen & Lang-
tofte 1991). Although the thick Upper Permian — Triassic succession indicates rapid subsi-
dence that exceeds normal thermal contraction, a prolonged or new rifting phase is pre-
cluded by the general lack of pronounced extensional faulting in the Mesozoic succession,
and phase-transformations in the deep crust have been proposed to explain the rapid early
post-rift subsidence (Vejbaek 1989, 1997). The evaporitic and continental facies show that
the basin was never under-filled with accommodation below sea level in spite of the rapid
subsidence. The great thickness of the Mesozoic in the Himmerland Graben and the Fjer-
ritslev Trough were facilitated by transtensional strike-slip movements in the Sorgenfrei—
Tornquist Zone or large-scale salt movements (Pegrum 1984; Vejbaek 1989; Christensen &
Korstgard 1994; Mogensen 1994, 1996). Local growth of salt structures influenced the
Mesozoic deposition.

4.4 Middle Jurassic exhumation

The Ringkgbing-Fyn High was uplifted significantly in early Middle Jurassic time and the
Danish Basin became tilted to the northeast (Michelsen 1978; Koch 1983; Andsbjerg et al.
2001; Nielsen 2003). The uplift and tilting caused a progressively deeper erosive truncation
of the Lower Jurassic and Triassic across the basin toward the Ringkgbing-Fyn High,
where erosion removed the entire Lower Jurassic and much of the Triassic on the most
elevated parts of the high (Fig. 5.2). In contrast, subsidence continued during Middle Juras-
sic time in the Sorgenfrei-Tornquist Zone shown by well sections in the @resund region, in
Kattegat (Terne-1, Anholt-4), and in the Fjerritslev Trough (Bgrglum-1, Fjerritslev-2,
Flyvbjerg-1, J-1, Haldager-1, Vedsted-1) but at a much lower rate than in Triassic—Early
Jurassic times (Fig. 4.6). Danish well-sections in the Skagerrak-Kattegat Platform
(Frederikshavn-1,-2,-3, Skagen-2, Saeby-1) indicate that only limited erosion occurred north
of the Fjerritslev Through during this phase. A sequence stratigraphic interpretation of the
succession in the shallow IKU/Sintef corehole 13/1-U-1 based on preliminary GEUS studies
including sedimentology, biostratigraphy and source rock screening analysis conforms with
this pattern (Fig. 5.7), which strongly supports the assumption that the Farsund Basin fol-
lowed the pattern with a phase of reduced subsidence during Middle Jurassic time in the
Sorgenfrei-Tornquist Zone. Based on this and the geosections in Fig. 4.5 it is thus pro-
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posed that the Late Triassic—Early Cretaceous subsidence of the Farsund Basin mirrored
the pattern indicated by the “Fjerritslev Trough” and the “Skagerrak-Kattegat Platform”
curves in Fig 4.6, which differs from that proposed for the Jurassic by Jensen and Schmidt
(1993; their Fig. 6).

4.5 Inversion and Neogene exhumation

Regional subsidence gradually resumed during late Middle Jurassic-Late Jurassic times
and tectonic tranquillity generally prevailed except for local salt movements until inversion
occurred in the Sorgenfrei-Tornquist Zone. A Late Cretaceous—Paleogene age is generally
accepted for the inversion, which is interpreted to be caused by compression related to a
change in the regional stress field from extensional to compressional related to the Alpine
deformation and opening of the North Atlantic (Liboriusen et al. 1987; Ziegler 1990; Michel-
sen & Nielsen 1991, 1993; Mogensen & Korstgard 2003). However, the inversion may have
occurred in several phases and it is assumed that the inversion began in Turonian time or
earlier in the southeast with 2—3 km of uplift in the Scania-Bornholm area, and propagated
north-westward with a decreasing intensity of deformation (Berthelsen 1992; Mogensen &
Jensen 1994; Michelsen 1997). After cessation of the inversion a new quiet tectonic phase
began with regional subsidence of the greater North Sea Basin. Contemporaneously with
the regional down-warping of southern Scandinavia, significant uplift and erosion began to
influence parts of the Norwegian-Danish Basin and the Ringkgbing-Fyn High in Neogene
time (Japsen 1993; Jensen & Schmidt 1993; Japsen et al. 2002a,b).
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Figure 4.3.. Regional geosection from the Central Graven in the southwest to the Skager-

rak-Kattegat Platform in the northeast. Position is marked on Fig. 3.1.
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LateTriassic - Early Cretaceous subsidence curves from 5 locations
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Figure 4.6. Subsidence curves for the Late Triassic—Early Cretaceous constructed for dif-
ferent structural elements/subbasins within the Norwegian-Danish Basin, Skagerrak-
Kattegat Platform and Ringkebing-Fyn High based on a high-resolution sequence strati-
graphic break-down. The Farsund Basin is expected to follow a trend between the trends of
the Fjerritslev Trough and the Skagerrak-Kattegat Platform with a slow subsidence in Mid-
dle Jurassic time (from Nielsen 2003).
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5. Depositional development and stratigraphy

The main emphasis in this chapter is placed on a detailed description of Late Triassic—Late
Jurassic development as the principal reservoir and cap rocks in the eastern Norwegian-
Danish Basin were formed during this period of time. The lithostratigraphy of the Norwe-
gian-Danish Basin and the Danish Central Graben is shown in Fig. 5.1. A sequence strati-
graphic interpretation of the Upper Triassic—Upper Jurassic succession is presented in de-
tail in order to justify proposed interpretations of the virtually undrilled succession in the
Farsund Basin. Fig. 5.2 shows a time stratigraphic scheme across the Norwegian-Danish
Basin perpendicular to the principal structural strike with interpreted sequence stratigraphic
key-surfaces, lithostratigraphy and depositional environments. A series of well-log panels
have been constructed across the basin to illustrate the depositional facies, and these are
used to predict facies in the Skagerrak area (Figs 5.2-5.6, 5.8, 5.10). A dip log panel
across the basin exemplifies the lithostratigraphy (Fig. 5.12), and it is expected that a pro-
file across the Farsund Basin to the centre of the Norwegian-Danish Basin would be com-
parable to this. A series of paleogeographic maps illustrate the overall depositional pattern
at selected Jurassic time steps (5.13).

5.1 Zechstein evaporites

The deposition of the post-rift succession was initiated in Late Permian times with deposi-
tion of thick Zechstein evaporites in most of the Norwegian-Danish Basin over the pene-
plained structural relief. Marginal facies were developed along parts of Ringkgbing-Fyn
High in Late Permian time and as the Lower Triassic Bunter Shale Formation seems to rest
on deeply weathered basement in the Grindsted-1 well it is likely that the high formed a
barrier between the Southern and Northern Zechstein basins (Ziegler 1982; Stemmerik et
al. 1987; Vejbaek 1997). The Zechstein deposits form a continuous cover in most of the
basin and the later mobilisation of salt have caused the formation of significant salt struc-
tures such as pillows and diapirs, of which some occur within the licence area (Figs 4.1B,
4.2). The continued growth of salt structures influenced the Mesozoic deposition signifi-
cantly in places. Toward the east the evaporites disappear and are replaced by thin clastic
Zechstein deposits as shown by the Terne-1 and Hans-1 wells in the Sorgenfrei-Tornquist
Zone (Michelsen & Nielsen 1991, 1993). Farther northwest in the Sorgenfrei-Tornquist
Zone evaporites are present in the Fjerritslev Trough and the Farsund Basin (e.g. Liborius-
sen et al. 1987; Jensen & Schmidt 1993; Christensen & Korstgard 1994; Vejbaek 1997). In
Felicia-1A the Zechstein salt and carbonates attain 447 m.
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5.2 Early—Middle Triassic clastic deposition

In Early Triassic time the depositional environment changed to more continental conditions.
Similarity in depositional facies in the North German and Norwegian-Danish basins indicate
that connections between the two basins occasionally existed (Bertelsen 1978; Michelsen
& Clausen 2002). Three facies provinces have been differentiated — the Central Graben
Province, the Germano-type Province and the Northern Province; the latter covers the area
of interest (Bertelsen 1980). The change from the Germano-type facies province to the
northern facies province occurs in the southern part of the Norwegian-Danish Basin and
seems to follow roughly the northern flank of the Ringkgbing-Fyn High as the facies drilled
in the Jelling-1 and Grindsted-1 wells located on the high belong to the Germano-type,
whereas the sections encountered in the Stenlille-19 and Ngvling-1 wells represent an in-
tercalation of the two facies types (Michelsen & Clausen 2002). The Germano-type forma-
tions (the Bunter Shale, Bunter Sandstone, @rslev, Falster and Tgnder formations) may be
traced farther northward to the Mors-1 well, where the encountered section reflects a transi-
tion to the contemporaneous Skagerrak Formation, that dominates along the northern and
eastern basin margin (Bertelsen 1980; Nielsen & Japsen 1991). The Bunter Shale and
Bunter Sandstone formations may be identified in Felicia-1A, whereas the remaining Ger-
mano-type formations here are replaced by the Skagerrak Formation. The Bunter
Sandstone Formation may also be identified in the Terne-1 well where the lower 155 m of
the Triassic succession consists mainly of fine-grained, well sorted sandstones. On the
Skagerrak-Kattegat Platform the Lower—Middle Triassic deposits are all referred to the
Skagerrak Formation, which here seems to include large parts of the Upper Triassic as well
(Frederikshavn-1,-2,-3 and Saeby-1 wells).

It is thus expected that the Lower—Middle Triassic and most of the Upper Triassic in the
Farsund Basin belongs to the Skagerrak Formation, while the basal Lower Triassic in parts
of the Skagerrak area may include a thin Bunter Shale Formation and a thicker Bunter
Sandstone Formation overlain by the Skagerrak Formation similar to the sections in Felicia-
1A and Mors-1.

The Bunter Sandstone Formation mainly consists of red-brown and yellow-brown,
medium to fine-grained, well sorted sandstones with intraformational claystone clasts and
thin mudstone beds (Bertelsen 1980; Pedersen & Andersen 1980; Completion report
Felicia-1/1A). The sand was supplied from the Baltic Shield and was mainly deposited in
ephemeral braided fluvial channels in a dry dessert environment. Eolian dune sand and
mud deposited in short-lived lakes may constitute minor proportions of the formation,
especially in the southern part of the basin. Up-section and toward the northern and north-
eastern basin margin the Bunter Sandstone Formation passes into the Skagerrak
Formation, which include the heterogenous succession of interbedded conglomerates,
sandstones, siltstones and claystones that occur along the northern and north-eastern
margin of the Norwegian-Danish Basin. These deposits were mainly deposited as alluvial
fans along the basin margins and rapid lateral facies changes are expected to occur.
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5.3 Late Triassic clastics and evaporites

In Late Triassic time the climate changed to arid or semi-arid, and deposition of red-brown,
brown, variegated, calcareous, anhydritic and pyritic mudstones and siltstones with thin
beds of dolomitic limestones and marls commenced in sabkhas and ephemeral lakes. In
the central and deep part of the basin more permanent lakes were established. The depos-
its are included in the Carnian—Early Norian Oddesund Formation, which passes into the
Skagerrak Formation toward the basin margins to north and northeast. In the type section
in the Mors-1 well, the formation is subdivided into 3 informal members, the O4, O, and O3
members amounting to 475 m. The O, member contains evaporites including two halite
units, 73 m and 87 m thick (Bertelsen 1980). The formation is also recognised in the
Felicia-1/1A well, where the 541 m thick formation includes a c. 400 m thick O, member
with a ¢. 70 m thick lower halite unit and an upper c. 60 m thick, heterogeneous halite unit
with claystones and dolomites. Halite beds within the Oddesund Formation is also inter-
preted to be present in the Fjerritslev Trough, where mobilisation of Oddesund salt is
thought to cause the dome structure at the J-1 well location (Fig. 4.5B) (Liboriussen et al.
1987; Jensen & Schmidt 1993). An alternative or complementary interpretation advocates
that the salt dome was enhanced by Zechstein salt, which intruded the Triassic section
along faults in Late Triassic time (Christensen & Kortsgard 1994).

Assuming that the Triassic section in the Farsund Basin is much thinner compared to the
Norwegian-Danish Basin and the Fjerritslev Trough as indicated by Fig. 4.5A, it is most
likely that sandstones and mudstones of the Skagerrak Formation were deposited in the
Farsund Basin contemporaneously with deposition of Oddesund Formation in more distal
and deeper areas.

5.4 Late Triassic marine flooding

A gradual change to more humid conditions took place in Late Triassic time, partly due to
formation of a large epicontinental sea. Deposition of lacustrine and sabkha mudstones
(Oddesund Fm) was terminated by the Early Norian marine transgression that probably
came from the south. The transgression led to deposition of oolitic limestones succeeded
by marlstones and fossiliferous claystones of the Vinding Formation, typically 40—100 m
thick in most of the basin (Figs 5.1, 5.2, 5.3)(Bertelsen 1978, 1980; Nielsen 2003). At its
maximum late Norian extent, the shallow sea covered most of the Norwegian-Danish Basin
and the Ringkgbing-Fyn High, whereas deposition of fluvial arkosic sands and lacustrine
muds of the Skagerrak Formation continued in the Sorgenfrei—Tornquist Zone and on the
Skagerrak-Kattegat Platform. The facies transition from the marine Vinding Formation to
the continental deposits of the Skagerrak Formation seems to occur close to the Norwe-
gian-Danish border in parts of the Skagerrak area as the Vinding Formation is identified in
the K-1 well (41 m) and Felicia-1 well (c. 140 m), whereas the Skagerrak Formation takes
over in the F-1 well. The Skagerrak Formation also dominates in the Fjerritslev Trough (J-1,
Fjerritslev-2, Vedsted-1) and on the Skagerrak-Kattegat Platform, the Vinding Formation is
thus expected to be absent in the Farsund Basin.

After the maximum transgression, a phased regression followed, and shoreface and
fluvial sands of the lower Gassum Formation were deposited in stepwise more basinward
positions intercalated with clays of the upper Vinding Formation in the basin centre. Deposi-
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tion of fluvial sand and lacustrine mud of the Skagerrak Formation continued in the Fjerrit-
slev Trough (Figs 5.2, 5.3). The regression culminated in the early Rhaetian with the forma-
tion of an extensive, fluvial-incised sequence boundary (SB 5, Figs 5.2, 5.3). Non-
deposition or erosion probably occurred on the Skagerrak—Kattegat Platform. When sea
level rose again, fluvial-estuarine deposits, up to 30 m thick in the basin centre, were de-
posited above the sequence boundary before widespread marine flooding occurred. The
transgression continued but was punctuated by two short-term, forced regressions that led
to deposition of widespread shoreface sand sheets encased in offshore mud. The trans-
gression reached its maximum in the latest Rhaetian, when the Norwegian-Danish Basin,
the Sorgenfrei—Tornquist Zone, the Skagerrak—Kattegat Platform and the Ringkabing—Fyn
High were covered by the sea (MFS 7 in Figs 5.2-5.4).

This general development is also shown by the sections in the F-1, K-1 and Felicia-1
wells where fluvial and shoreface sandstones alternate with thinner mudstones in the upper
Gassum Formation above SB 5. A similar alternation with dominance of sandstones is thus
expected in parts of the Skagerrak area. The latest Rhaetian maximum flooding event
(MFS 7) is distinct in F-1 and Felicia-1 (Fig. 5.5), and since the event influenced the entire
basin including the basin margin in southern Sweden and the Skagerrak-Kattegat Platform,
it is expected that it can be traced to the Farsund Basin as a thin unit of marine mudstones
intercalated with sandstones in the upper Gassum Formation. The lower part of the Gas-
sum Fm (the section below SB 5), however, seems to be absent in F-1 and K-1 owing to
erosion during formation of SB 5 or non-deposition caused by lack of sufficient accommo-
dation. In Felcia-1 the lower part of the Gassum Formation seems thickly developed proba-
bly owing to deposition in a rim syncline to a close salt structures (Fig. 5.5). It is empha-
sised, however, that the detailed sequence stratigraphic breakdown of the Gassum Forma-
tion in these wells is not constrain by biostratigraphic data in the same degree as in most of
the other well-sections in the basin.
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Figure 5.3 Well log panel trending SW-NE across the basin showing the Norian—

Hettangian depositional environments of the Vinding, Skagerrak, Gassum and lowermost

Fjerritslev formations (Nielsen 2003)
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Figure 5.4 Well log panel trending SW—NE across the basin showing the Rhaetian—
Sinemurian depositional environments of the upper Gassum and lower Fjerritslev forma-
tions (Nielsen 2003).
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5.5 Hettangian — Early Pliensbachian transgression and basin
expansion

The latest Rhaetian extensive flooding heralded the change to the subtropical to warm-
temperate and humid climate that characterised the Jurassic period where large quantities
of clay supplied to the basin due to weathering of Palaeozoic shales and granitic basement
of the Baltic Shield. The Jurassic transgression was briefly interrupted by two phases of
coastal progradation that caused deposition of two thin regressive shoreface sand sheets,
which constitute the uppermost part of the Gassum Formation over much of the Norwegian-
Danish Basin. The regression culminated with coastal progradation far into the basin ac-
companied by fluvial erosion and incision in the Himmerland Graben, the Fjerritslev Trough
and the Skagerrak-Kattegat Platform (SB 9; Figs 5.2, 5.4). Hereafter the regional trans-
gression continued (TS 9; the early Hettangian Planorbis Zone) and fully marine mudstones
belonging to the F-la unit of the Fjerritslev Formation overlie the sandy Gassum Formation
in most of the Norwegian-Danish Basin probably including parts of the Skagerrak area as
indicated by interpretation of the sections in F-1, K-1 and Felicia-1 wells (Figs 5.5). This is
probably also the case along the southern margin of the Farsund Basin, while shoreface
sandstones may prevail along the northern margin similar to the successions in the
Flyvbjerg-1 and Bgrglum-1 wells (Fig. 5.4). The mudstones have a low content of ostra-
cods, foraminifera and infaunal bivalves and a high content of land-derived organic matter.
In the northeastern part of the Sorgenfrei—~Tornquist Zone aggrading parasequences of
fluvial and shoreface sands with subordinate offshore muds were deposited, while lagoonal
parasequences were formed in places on the Skagerrak—Kattegat Platform. The transgres-
sion peaked in the early and late Hettangian (MFS 9 & 10), interrupted by a short-term re-
gression in the middle Hettangian (SB 10, Figs 5.2, 5.4).

The deposition of transgressive paralic deposits along the basin margin was interrupted
briefly by a fall in sea level soon after the Hettangian—Sinemurian boundary. This resulted
in fluvial incision on the Skagerrak-Kattegat Platform, while regressive shoreface sand was
deposited in the Fjerritslev Trough (SB 11, Figs 5.2, 5.4). The thin fine-grained sandstone
stringers in the basal Fjerritslev Formation in the Felicia-1 and J-1 wells are probably re-
lated to this event (Fig. 5.5; Encl. 1); they may have a weak influence on the sealing capac-
ity of the lowermost Fjerritslev Formation in the eastern and northern most part of the
Skagerrak area. Farther basinward, heteroliths and silty mudstones were deposited above
the conformable part of the sequence boundary. A rapid sea-level rise followed in the earli-
est Sinemurian (upper part of the Bucklandi Zone) and transgressive marine muds of the F-
Ib unit finally overstepped fluvial and marine sands of the Gassum Formation in the
Sorgenfrei-Tornquist Zone and on the Skagerrak—Kattegat Platform. The coarse-grained,
shell-bearing sandstone at the base of the shallow corehole 13/1-U-1 (at c. 292 m) is
probably the ravined top of the Gassum Formation overlain by Lower Sinemurian trans-
gressive marine mudstones of the basal Fjerritslev Formation according to the sequence
stratigraphic interpretation of GEUS (Fig. 5.7A). Following this it is assumed that the depo-
sition of coastal and shallow marine sands also came to an end along the northern margin
of the Farsund Basin at this time. Thin lagoonal sediments were formed during the Hettan-
gian—Early Sinemurian transgressions in places on the Skagerrak-Kattegat Platform and
similar sediments may be present in the Farsund Basin, but are considered to be of limited
distribution and thickness.
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The early Sinemurian transgression led to deposition of up to 150 m of uniform mud-
stones in the basin, showing a marked thinning towards the northern and northeastern ba-
sin margin (Sequence Fj 3 in Figs 5.2, 5.4, 5.6). In the Late Sinemurian, a minor sea-level
fall caused a slight basinward progradation of distal coastal parasequences on the Skager-
rak—Kattegat Platform and in parts of the Sorgenfrei-Tornquist Zone. This progadational
event is expected to be represented also in the Farsund Basin and may be suggested by
the slight upward coarsening trend seen in the 13/1-U-1 core at ca. 260-255 m (Fig. 5.7A).
The After this minor excursion, the overall Early Jurassic sea-level rise continued, and
reached a maximum in the latest Sinemurian. In the centre of the basin, the diversity and
abundance of the ostracod fauna decreased and infaunal bivalves and some of the epifau-
nal bivalves disappeared due to reduced oxygen conditions. A gradual decrease in the rate
of sea-level rise in the Early Pliensbachian Jamesoni Zone caused a distinct basinward
progradation of shoreface clinoform sandstones on the Skagerrak—Kattegat Platform, which
may also be found in the Farsund Basin.

The regression culminated in the middle Early Pliensbachian (early Ibex Zone) and the
deposition changed from fine-grained mud (F-Ib unit) to silty and sandy heteroliths (F-lla
beds, SB 13; Figs 5.2, 5.6; Michelsen 1989; Nielsen 2003). On the Skagerrak—Kattegat
Platform deposition of shallow marine shoreface sand ceased for some time due to subma-
rine or subaerial erosion and bypass. This event may be marked in the Farsund Basin by
somewhat coarser-grained beds within the marine mudstones and is probably shown by
the 13/1-U-1 core at ca. 213-192 m. When the sea level started to rise again, deposition of
fine-grained mud resumed in the basin (lower part of F-llb beds), while backstepping
parasequences of marine sand were succeeded by transgressive mud on the Skagerrak—
Kattegat Platform. Peak transgression was reached in the late Early Pliensbachian Davoei
Zone. The biostratigraphic analyses conducted by GEUS (Section 10) suggest that this
event is shown by the mudstones at ca. 188-181 m in the 13/1-U-1 core. Thereafter, the
rate of sea-level rise decreased and a coarsening-upwards succession of mud and fine-
grained heteroliths were deposited in the Norwegian-Danish Basin and probably also in the
Farsund Basin (middle part of F-lIb) as indicated by the 13/1-U-1 core from ca. 181-162.6
m (Figs 5.7A & B).

5.6 Late Pliensbachian — Early Aalenian sea-level fluctuations

Significant erosion took place on the Skagerrak—Kattegat Platform during a sea level fall in
the early Late Pliensbachian Margaritatus Zone (SB 14; Figs 5.2, 5.6). Basinward, in the
Fjerritslev Trough and in the Norwegian-Danish Basin, deposition changed to silty and
sandy mud and fine-grained sand, showing pronounced thinning over some salt-structures
possibly reflecting shallow water depths (upper part of F-llb and F-lic beds; Michelsen
1989). The event can be traced to F-1, K-1 and Felcia-1, where it is marked by a change to
sandy mudstones. The new biostratigraphic results (Section 10) support the GEUS inter-
pretation of the IKU/Sintef 13/1-U-1 core, which suggests that the event corresponds to the
fluvial erosion surface at 162.6 m (Fig. 5.7A & B marked as SB 14). It is thus likely that the
event is recorded in the Farsund Basin as a sandstone intercalation, which shows fining
and thinning toward the south.

The ensuing sea-level rise commenced in the Margaritatus Zone and reached a peak in
the late Late Pliensbachian (early Spinatum Zone). Marine silty mud was deposited in the
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basin, while muddy marine sand with bivalves was deposited in the Fjerritslev Trough and
presumably also in the Farsund Basin. Deposits from this period are absent on the Skager-
rak—Kattegat Platform due to bypass or later erosion (Figs 5.2, 5.6). The interpreted SB 14
in 13/1-U-1 is overlain by a sandstone with rootlets and a thin coal bed (c. 162.6-159 m),
and this succession is interpreted to represent the transgressive phase that raised the base
level along the basin margin.

A subsequent sea-level fall culminated in the late Spinatum Zone with the formation of a
widespread marine regressive surface of erosion and deposition of 5-10 meters of low-
stand shoreface sandstones in the central parts of the Fjerritslev Trough (SB 15 in Figs 5.2,
5.6), whereas Lower Pliensbachian strata were eroded on the Skagerrak—Kattegat Plat-
form. The erosion surface at c. 159 m in 13/1-U-1 is interpreted as an amalgamated se-
gquence boundary and ravinement surface (SB 15 and TS 15 in Fig. 5.7A & B) overlain by a
transgressive succession of shallow marine sandstones. The sequence boundary was cut
during sea-level fall and lowstand and was later subjected to transgressive marine erosion.
It is thus expected that the event is recorded in the Farsund Basin as a shoreface or fluvial
sandstone similar to the succession in the Fjerritslev Trough (Fig. 5.6).

The ensuing sea-level rise caused marine flooding over the entire basin at the Pliensba-
chian-Toarcian boundary, including the Sorgenfrei-Tornquist Zone, the Skagerrak—
Kattegat Platform, and the Farsund Basin. The transgression reached its maximum in the
Early Toarcian Falciferum Zone (MFS 15 in Figs 5.2, 5.6). Due to oxygen-poor conditions,
the ostracod fauna disappeared and an increasing amount of amorphous marine matter
was preserved making the mudstones favourable for hydrocarbon generation in parts of the
basin. The new biostratigraphic analysis of the 13/1-U-1 core (see Chapter 10) indicate that
the sandstones from c. 159-148 m were deposited during this transgressive event that
culminated with the deposition of c. 6 m of silty mudstones 148-142 m (Fig. 5.7A & B). The
mudstones show increased TOC values and contain type Il kerogen, and based on the
evidences provided by the new biostratigraphy and geochemical analyses perform by
GEUS it is proposed that the mudstones were deposited during the Early Toarcian sea
level maximum that influenced deposition along the margin of the depositional basin (MFS
15)(Figs 5.2, 5.6, 5.7A & B). A similar influence is seen at margin far to the southeast at
Bornholm (Koppelhus and Nielsen 1994; Hesselbo et al. 2000).

During the remainder of the Early Jurassic and in the Early Aalenian Opalinum Zone
(Early Middle Jurassic), a succession of up to 150 m of marine mudstones was deposited in
the Sorgenfrei—Tornquist Zone. Interbedded with the mudstones occur three shoreface
sandstones, 5-15 m thick overlying regressive marine erosion surfaces; these sandstones
were deposited during sea-level falls. Similar shoreface sandstones are expected to be
present in the Farsund Basin. In F-1, K-1 and Felicia-1 the stratigraphic level containing the
sandstones is eroded by the Base Middle Jurassic Unconformity, but since the amount of
erosion decreases northward toward the Farsund Basin (Fig. 5.8) it is likely that the sand-
stones will be present closer to the basin.

5.7 Late Early — Middle Jurassic uplift and erosion

The Ringkgbing—Fyn High and most of the Norwegian-Danish Basin were uplifted in late
Early Jurassic — early Middle Jurassic times, and the Triassic — Lower Jurassic successions
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were eroded on the highest parts of the Ringkgbing—Fyn High (Fig. 5.8). The Lower Juras-
sic was deeply eroded in the uplifted area north of the high, whereas erosion did not reach
such deep levels closer to the Sorgenfrei—Tornquist Zone. In the fault-bounded Sorgenfrei—
Tornquist Zone, where subsidence still occurred but at a much smaller rate than before, the
dramatic change in basin configuration is shown by a shift from offshore mudstones of the
F-IV Member (Fjerritslev Fm) to shallow marine sandstones (Haldager Sandstone Fm; Figs
5.2, 5.6, 5.9, 5.10). The sandstones overlie a marine, forced regressive erosion surface
dated to the top of the Lower Aalenian Opalinum Zone, thus contemporaneous with the
greatest basin-ward shift in facies recorded from the Lower—Middle Jurassic in the North
Sea. Hence, during the rest of the Aalenian, the Bajocian and the early Bathonian, deposi-
tion was more or less confined to the narrow zone bounded by the Fjerritslev and Bgrglum
Faults and their south-eastward continuation in Kattegat, @resund and southern Sweden. It
is assumed that the west-ward continuation of the faults defining the southern margin (the
Fjerritslev Fault) and the northern margin of the Farsund Basin also delineate an area of
continued subsidence in Middle Jurassic time, thus preventing erosion of the potential
source rocks in the upper Fjerritslev Formation.

The four Norwegian wells, 11/9-1, 11/10-1, 11/5-1,10/7-1 and 10/8-1 situated in the
Norwegian-Danish Basin southwest and west of the Farsund Basin (Fig. 3.1) confirms the
deep regional erosion of the Lower Jurassic, although their position on local structures
have further enhanced the erosional hiatus. In the Egernsund Basin located on structural
strike farther to the west the Fjerritslev Formation is also deeply truncated and absent in
places.

The Fjerritslev Trough and presumably also the Farsund Basin received erosion mate-
rial from the uplifted areas to the west and south west, and from the Baltic Shield to the
north, making up the Haldager Sand Formation, 29-155 m thick in the well sections in the
Fjerritslev Trough (Figs 5.2, 5.10). The formation is dominated by shoreface and fluvial
sandstones interbedded with thin marine and lacustrine mudstones, and thin coaly beds in
places. The new biostratigraphic breakdown of the IKU/Sintef core 13/1-U-1 (Fig. 10.1)
indicates that Lower Toarcian mudstones of the Fjerritslev Formation are overlain by Bajo-
cian—Bathonian coastal or delta plain deposits of the Haldager Sand Formation at ca. 142
m (Fig. 5.7A & B). The sequence stratigraphic interpretation of the 13/1-U-1 core thus indi-
cates that the erosion surface at 142.2 m correlates to the Base Middle Jurassic Uncon-
formity and the overlying sandstone succession, c. 142-122.3 m corresponds to the Hal-
dager Sand Formation (Bryne Fm; Fig. 5.7A & B). The underlying sandstones, included in
the Bryne Formation by IKU/Sintef, are here interpreted to represent intercalations in the
Fjerritslev Formation similar to the sandstones seen in the sections from the Fjerritslev
Trough and Skagerrak-Kattegat Platform (Figs 5.2, 5.6, 5.10).

The geological model presented here therefore predicts that the stratigraphic interval
with the potential source rocks in the upper Fjerritslev Formation is formed and preserved
in the Farsund Basin, and the interval is expected to be much thicker in the basin than in
the 13/1-U-1 core located landward of the depocentre of the Farsund Basin. It is also ex-
pected that the Haldager Sand Formation is present in the Farsund Basin and dominated
by relatively thick fluvial and marine sandstones (Fig. 4.5). Sandstone stringers are ex-
pected to be present at specific stratigraphic levels in the Fjerritslev Formation influencing
the overall sealing capacity of the formation.
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Figure 5.5 Proposed interpretation of sequence stratigraphy and depositional environ-
ments of the Gassum reservoir in the wells F-1, K-1, Felicia-1 and J-1; oblique depositional

dip section.
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Figure 5.6. Well log panel trending SW-NE across the basin showing the Norian—
Oxfordian depositional environments of the Vinding, Skagerrak, Gassum, Fjerritslev, Hal-
dager Sand, Flyvbjerg and Bgrglum formations. Note the pronounced erosional truncation
at the amalgamated sequence boundary, SB 19-22 (Nielsen 2003).
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Figure 5.7A The IKU/Sintef core from 13/1-U-1 with key sequence stratigraphic surfaces
marked based on GEUS' interpretation. The interval from SB 14 to the amalgamated SB
16-19 is interpreted as equivalent to the Fjerritslev Formation, and the mudstones at 142—
148 are regarded as deposited during the Early Toarcian flooding event (MFS 15) that re-
sulted in formation of organic-rich mudstones in parts of the basin. The section from SB 16-
19to TS 22 is interpreted as the Haldager Sand Fm overlain by a thin Flyvbjerg Fm.
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Figure 5.7B. A blow-up of the upper part of the Lower Jurassic, the Middle Jurassic and
the lowermost Upper Jurassic based on core logging by GEUS. Lower Toarcian mudstones
with source rock potential are present at 148.2—142.2 based biostratigraphic, geochemical
and sequence stratigraphic analyses by GEUS.
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5.8 Late Middle — Late Jurassic basin expansion

Regional subsidence resumed during late Middle Jurassic—-Late Jurassic times and the
area with deposition of shallow marine clastics gradually expanded as testified by the Up-
per Jurassic onlap on the Base Middle Jurassic Unconformity showing a significant young-
ing of the onlap toward the southwest and northeast on both sides of the Sorgenfrei-
Tornquist Zone (Fig. 5.11). The deposition overstepped the bounding faults of the Sorgen-
frei-Tornquist Zone with deposition of Bathonian(?) braided fluvial sands on the Skagerrak—
Kattegat Platform and in the Himmerland Graben. Shallow lagoons or lakes dominated at
the 13/1-U-1 well; according to IKU these deposits are of Aalenian age based on poor evi-
dence. However, the GEUS investigation indicates a Mid Bajocian—Bathonian age and the
section is interpreted to record the general base-level rise that occurred at this time in the
area.

The base level rise similary led to deposition of fluvial sandstones and lacustrine mud-
stones at the positions of the F-1, K-1 and Felicia-1 wells in Bathonian time, and 14-48 m
of the Haldager Sand Formation accumulated here (Fig. 5.8).

Deposition also resumed at the wells 10/8-1 and 10/7-1 where Bathonian(?) sandstones
of the Haldager Sand/Bryne Formation are preserved. A marine transgression close to the
Callovian—Oxfordian boundary influenced most of the basin and accommodation space was
also created in the former by-pass zone of the southern part of the basin and on the
Skagerrak—Kattegat Platform, where fluvial sands were now deposited. During the Oxfor-
dian, the sedimentation area was further enlarged and a north-eastward thickening wedge
of transgressive, fossiliferous marine sand and mud was deposited above lagoonal depos-
its on the Skagerrak-Kattegat Platform (lower Flyvbjerg Fm; Figs 5.2, 5.10). Transgressive
shoreface sand was also deposited at Felicia-1 (Fig. 5.8). The transgression peaked in mid-
Oxfordian time with deposition of marine mudstones over most of the northern basin includ-
ing the Fjerritslev Trough and Skagerrak-Kattegat Platform. A latest Oxfordian sea-level fall
resulted in coastal progradation on the Skagerrak-Kattegat Platform and in the Fjerritslev
Trough; fluvial and shallow marine sands were deposited, and a south-west prograding
wedge was formed (upper Flyvbjerg Fm; Fig. 5.10).

The new biostratigraphic dating confirms the IKU/Sintef interpretation of the 13/1-U-1
core where the Haldager Sand Formation is overlain by 4 m of lower shoreface to offshore
heteroliths belonging to the Flyvbjerg Formation (Fig. 5.7A & B). The Flyvbjerg Formation is
thus expected to present in the Farsund Basin, where it is expected to be thicker and
probably dominated by shoreface and fluvial sandstones in the lower and upper parts with
a middle part of marine mudstones and siltstones similar to the sections in the Fjerritslev
Trough.

Extensive marine flooding occurred in the Kimmeridgian, and sedimentation of marine
mud (Bgrglum Formation) characterised the whole area, although the marked thinning to-
wards the south-western part of the Norwegian-Danish Basin emphasises the reduced ac-
commodation space here. The Bgrglum Formation is also present in the 13/1-U-1 and 13/1-
U-2 coreholes with a thickness of more than 60 m (compared to 38-59 m in F-1, K-1 and
Felicia-1), and is expected to be present in the Farsund Basin as well. During Volgian—
Ryazanian times, the depositional environment was dominantly a shallow shelf with three—
four major phases of coastal progradation (sequences Fr 1, Fr 2, Fr 3 of the Frederikshavn
Fm, Fig. 5.2). Coastal and deltaic sandy deposits with interbedded marine mudstones ac-
cumulated on the Skagerrak-Kattegat Platform and in parts of the Sorgenfrei-Tornquist
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Zone, while marine muds were deposited over much of the basin. The unit in 13/1-U-2
termed subunit C of the Bgrglum Formation by IKU/Sintef is better included in the lower
part of Frederikshavn Formation (Fig. 5.7).

Jensen and Schmidt (1993) proposed that the Farsund Basin experienced increased
subsidence in the Early Cretaceous (Fig. 4.5); this is also suggested by Mogensen &
Korstgard (2003) and is supported by the relatively thick succession in the J-1 well com-
pared to other wells. Depending on the time of onset of the higher rate of subsidence, the
Frederikshavn Formation may be differently developed in the Farsund Basin from sections
on the Skagerrak-Kattegat Platform and the Norwegian-Danish Basin. In Terne-1, situated
in the Sorgenfrei-Tornquist Zone, the Frederikshavn Formation is thickly developed, mud-
stones dominate that possibly were deposited in a somewhat restricted brackish environ-
ment (Petersen et al. 2005). The same development could be possible in the Farsund Ba-
sin, and with increased subsidence the thermal maturity may be higher.

A general overview of the Upper Triassic—Lower Cretaceous lithostratigraphy across the
Danish part of the basin is provided in Figure 5.12. This general pattern is also expected to
be found in the Farsund Basin based on the geological model presented above, the geo-
section crossing the basin and the regional paleogeographic maps (Fig. 4.5A; 5.13).

40 GEUS



MF515
MF514

Felicia-1
Gr

Oblique strike section

K-1x
Gr

F-1x
Gr

TR

MFS14
T4

Figure 5.8. Proposed interpretation of sequence stratigraphy and depositional environ-
ments of the Haldager reservoir in selected Skagerrak wells; oblique depositional dip sec-
tion.
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5.9 Early Cretaceous continued basin expansion

In Early Cretaceous times the area of marine deposition expanded further with coastal pro-
gradation from the north and northeast. Deposition of marine mudstones prevailed in most
of the basin including the Sorgenfrei-Tornquist Zone, the Skagerrak-Kattegat Platform and
most of the Ringkgbing High as indicated by Lower Cretaceous marine mudstones uncon-
formably overlying Middle Triassic strata on the high. On the extreme westernmost and
easternmost parts of the high deposition did not resume before the Late Cretaceous. The
Lower Cretaceous mudstones with sandy intercalations being most common to the north-
east are included in the Vedsted Formation, which shows a relatively systematic vertical
variation in log-patterns that allow a subdivision into four units (Michelsen & Nielsen 1991).
The uppermost unit contains a glauconite rich interval, up to 10 m thick in Saeby-1, which
seems to be time equivalent to the redbrown, greyish, occasionally pyritic and glauconitic
marls of the Rgdby Formation. The Vedsted Formation is expected to be thickly developed
in the Farsund Basin similar to the section in the J-1 well, if the basin was an Early Creta-
ceous depocentre as suggested by Jensen & Schmidt (1993).

5.10 Late Cretaceous—Danian Chalk deposition

In Late Cretaceous—Danian times a high sea level dominated and the Norwegian-Danish
Basin, the Ringkgbing-Fyn High and the Fennoscandian Border Zone became covered by
an epicontinental sea. The dry climate and low relief of the hinterland significantly reduced
the clastic input, and biogenic, pelagic chalk deposition (with coccolith plates being the
dominant constituent) occurred in the Norwegian-Danish Basin, the Ringkabing-Fyn High
and most of the Fennoscandian Border Zone. In the easternmost part of the basin and
within the Fennoscandian Border Zone deposition of marine greensands ceased in late
Cenomanian times and in the Early Turonian an intermittent deposition of marls and mud-
stones in parts of the basin came also to an end (Stenestad 1972; Surlyk 1980). Similar
sands may occur proximal in the Farsund Basin. In central parts of the Norwegian-Danish
Basin outer shelf coccolithic chalks accumulated at depths that may have been up to a few
hundreds meters (Stenestad 1972; Surlyk & Hakansson 1999). Closer to the basin margins
and over structural highs, chalks of the mid to inner shelf environment rich in bryozons and
other bentic fossils were deposited. In more shallow water areas in the Fennoscandian
Border Zone, benthos-rich chalks pass into bryozon wackestones and packstones occa-
sionally developed as mound complexes, while skeletal grainstones and oyster bank car-
bonates formed closer to shorelines (Surlyk 1997). Hardgrounds and omission surfaces in
the Maastrictian and Danian are most common in the shallower water sections. Centrally in
the basin southwest of the Sorgenfrei-Tornquist Zone 1.5-2 km of chalk was deposited,
while 500-750 m accumulated over the Ringkgbing-Fyn High. In the Sorgenfrei-Tornquist
Zone including the Farsund Basin the original thickness of the chalks is masked by Late
Cretaceous—Paleogene inversion and erosion (Liboriusen et al. 1987; Nielsen & Japsen
1991; Jensen & Schmidt 1993; Michelsen & Nielsen 1993; Erlstrom & Sivhed 2001). Seis-
mic features such as northeastward onlaps, chaotic and hummocky reflection patterns in
the chalk depocentres closely southwest of the Sorgenfrei-Tornquist Zone indicate syn-
depositional growth of the inversion structures. Parts of the zone probably became uplifted
to or above sea level forming elongated islands from which chalky debris flows originated.
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The inversion began in Coniacian time and accelerated rapidly during Santonian—
Campanian time (the sub-Hercynian phase, Ziegler 1990), while decreased activity during
Maastrichtian—Danian time was followed by pronounced inversion again in the Late Paleo-
cene (the Laramide phase, Liboriusen et al. 1987; Ziegler 1990). These tectonic phases are
also recorded on Bornholm, where shallow marine sands were deposited in Late—Middle
Santonian time (the Bavnodde Greensand Fm) and in Scania where coarse-grained clastic
deposition was especially significant during the Santonian—Campanian contemporaneously
with the peak of inversion (the Lund Sandstone) (Surlyk 1980; Norling & Bergstrom 1987;
Erlstrom 1994; Erlstrom et al. 1997). Marine, coarse-grained clastic deposition resumed
again in the middle Maastrictian albeit at a much smaller scale (the Hansa Sandstone, Erl-
strom 1990; Sivhed et al. 1999). Depending on the intensity of deformation in the Farsund
Basin and north hereof, similar clastic wedges may be present within the Chalk Group.

5.11 Cenozoic clastic deposition and Neogene exhumation

After cessation of carbonate deposition in Paleocene time, fine-grained hemipelagic deep
marine sedimentation took over in the Norwegian-Danish Basin and on the Ringkgbing-Fyn
High. The north- and eastward limit of these fine-grained sediments is unknown due to later
erosion, but parts of the Baltic shield were probably covered. In the Farsund Basin the Qua-
ternary is subcropped by the Upper and Lower Cretaceous, and the original thickness and
lithology of the Cenozoic is unknown.

In the basin volcanic ashes were deposited at the transition of the Paleocene—Eocene,
and diatomites were laid down around salt structures in the central part of the basin where
up-welling occurred (Bonde 1979; Pedersen 1981). The Paleogene succession is thickest
immediately north of the Ringkabing-Fyn High, where it is up to 300 m thick (Dinesen et al.
1977). Minor tectonic movements in Oligocene time reactivated former structural elements
on the Ringkgbing-Fyn High and salt structures in the basin, and Paleogene sediments
were eroded on elevated areas (Rasmussen 2004). Major clastic wedges began to build
out from the Fennoscandian Shield in the Oligocene, while prodeltaic glauconite-rich clayey
sediments were deposited further basinward. The deposition of coarse-grained sediments
reached the southern part of the basin and the Ringkabing-Fyn High in the Neogene (Lar-
sen and Dinesen 1959; Friis et al. 1998; Rasmussen 2004). During the Early Miocene del-
tas prograded south-southwest and stacked deltaic deposits up to 300 m thick were
formed. At the end of the Early Miocene, tectonic movements along older fault trends oc-
curred resulting in pronounced coal accumulation in minor grabens (Koch 1989). A distinct
flooding of the area took place in the Middle Miocene and deposition of clayey sediments
prevailed in most of the Middle—Late Miocene. The flooding was partly due to the so-called
Mid Miocene climatic optimum (Zachos et al. 2001) and partly due to increased subsidence
of this part of the North Sea basin in the Late Miocene. Resumed delta progradation from
the east and northeast occurred at the end of the Miocene (Rasmussen & Dybkjeer 2005).
The infilling of the North Sea basin continued during the Pliocene and up to 500 m of sedi-
ments were deposited in the Norwegian-Danish Basin during the Late Miocene and Plio-
cene (Overeem 2001).

Contemporaneously with the regional down-warping of southern Scandinavia, parts of
the Norwegian-Danish Basin and Fennoscandian Border Zone including the Farsund Basin
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were uplifted and eroded. This major tilting continued into the Quaternary (Japsen 1993;
Jensen & Schmidt 1993; Japsen et al. 2002; Rasmussen et al. 2005).
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Shallow marine sandstones and siltstones
Paralic and non-marine sandstones,
siltstones,mudstones and coals

Marine mudstones

(-
(.
1]

Well log panel trending SW—-NE across the basin showing the lithostratigra-
phy of the Upper Triassic—Lower Cretaceous. It is expected that a N-S trending panel
across the Farsund Basin will show similar units (Michelsen et al. 2003).
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6. Characterisation of potential reservoirs

Reservoirs potentially suitable for CO, storage are found at several stratigraphic levels in
the Mesozoic succession. Among these the Lower Triassic Bunter Sandstone Formation,
the Triassic Skagerrak Formation, the Upper Triassic—lowermost Jurassic Gassum Forma-
tion and the Middle Jurassic Haldager Sand Formation (Fig. 6.1) constitute the principal
reservoirs in the Danish part of the Norwegian-Danish Basin due to their distribution, burial
depth and reservoir properties. The Bunter Sandstone Formation is not considered to be
present along the northern and northeastern basin margins and is not considered further
here. Cores are available from the formations as they have been the target for previous
hydrocarbon and geothermal exploration activities. A number of samples were selected
from the cores with the strategy of covering the variable petrographical composition of the
formations. The variations reflect primary differences related to source areas and deposi-
tional environments and secondary alterations caused by different diagenetic development
related to different burial depths in the basin and also lithology of the embracing formations.
This strategy was followed in order to obtain the best possible overview of the potential
chemical reactions, which subsequently may be the target of further in-depths studies. The
three formations are described below.

6.1 Skagerrak Formation

The Skagerrak Formation was defined by Deegan & Scull (1977) to include the interbedded
conglomerates, sandstones, siltstones and claystones that occur along the northern and
north-eastern margin of the Norwegian-Danish Basin. These up to more than 2 km thick
deposits are of Early—Late Triassic age and were mainly deposited as alluvial fans along
the faulted basin margin. The alluvial fan deposits pass into braided river facies towards the
central parts of the basin (Pedersen & Andersen 1980; Priisholm 1983). The lower part of
Skagerrak the formation is probably contemporaneous with the Bunter Sandstone Forma-
tion, while the middle part is contemporaneous with the @rslev, Falster, Tegnder and Odde-
sund Formations that mainly occur centrally in the basin. These formations consist primar-
ily of marine—brackish claystones, marls, carbonates and evaporites without significant res-
ervoir potential; only the Tgnder Formation may contain sandstones with some potential. At
the time of deposition of the Skagerrak Formation, the climate was arid to semi-arid
(Bertelsen 1980), consistent with the occurrence of the contemporaneously evaporitic de-
posits.

6.2 Gassum Formation

The Gassum Formation was redefined by Bertelsen (1978) to include the well to moderate-
ly sorted, fine to medium-grained sandstones occurring between the restricted marine
mudstones of the Upper Triassic Vinding Formation and the marine mudstones of the Low-
er Jurassic Fjerritslev Formation. The Gassum Formation becomes younger stepwise to-
wards north and east, being mainly of Rhaetian age in the central parts of the basin, while it
is of Rhaetian—Early Sinemurian age along the basin margin in North Jylland, Kattegat and
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eastern Sjeelland. The Gassum Formation is widely distributed with thicknesses of 50-150
m in central and distal parts of the Danish part of the basin. The thickness increases to
170-200 m in the fault-bounded Himmerland Graben and the northern part of the Sorgen-
frei-Tornquist Zone, while the thickness increases to more than 300 m in the southern part
of the fault zone. In areas of significant salt movements an extraordinary large thickness of
the formation is seen and the proportion of thick mudstones is larger probably reflecting
topographic influence during deposition from the nearby large salt structures (e.g. Felicia-
1). On the Skagerrak-Kattegat Platform the thickness decreases (10-80 m) and is absent
on most of the Ringkebing-Fyn High due to later uplift and erosion (Nielsen & Japsen
1991).

In the Himmerland Graben, Sorgenfrei-Tornquist Zone and Skagerrak-Kattegat Platform,
sandstones are the dominant lithology, while the formation is sand-poor in the central parts
of the basin (Mejrup-1, Vemb-1, and Vinding-1). The sandstones are predominantly well to
moderately sorted, fine to medium-grained, occasionally coarse-grained and slightly peb-
bly, and range from very permeable to well-cemented. The shoreface sandstones occur as
widespread sheets, 4-30 m thick separated by marine transgressive mudstones and la-
goonal heteroliths. Thick fluvial-estuarine sandstones are primarily overlying the major SB
5.

The formation was deposited during a series of relative sea level falls and is dominated by
shallow marine shoreface sandstones and fluvial-estuarine sandstones; offshore marine
and lagoonal heteroliths and mudstones, and lacustrine claystones and thin coal seams
constitute a significant but minor proportion of the formation (Nielsen 2003). The source
area of the Gassum sand probably comprised reworked Bunter Sandstones in the south-
eastern part of the basin, whereas more heterogeneous bedrock to the north and east sup-
plied the sand to the northern and central parts of the basin causing a variable petrography
of the formation. The formation records a general chance in climate from the dominantly
arid to semi arid climate during the early—mid Triassic, which gradually became more humid
during the Rhaetian as reflected in preservation of larger amounts of organic matter
(Bertelsen, 1978).

In major parts of the basin the Gassum Formation is overlain by thick, uniform marine mud-
stones of the Fjerritslev Formation with large lateral continuity forming a highly competent
caprock unit probably making the Gassum Formation one of the most promising reservoirs
for CO, storage in the Danish subsurface.

6.3 Haldager Sand Formation

The Haldager Sand Formation was redefined by Michelsen (1989) to include the Middle
Jurassic sandstones occurring between marine mudstones of the Lower Jurassic Fjerritslev
Formation and marine mudstones and sandstones of the Upper Jurassic Flyvbjerg and
Barglum formations. The distribution and thickness of the Haldager reservoir is strongly
influenced by regional syn-depositional tectonism, local faulting and salt-structures. The
formation overlies the regional "Base Middle Jurassic Unconformity" (also termed the Mid
Cimmerian Unconformity, MCU) and is thickest developed in the Sorgenfrei-Tornquist
Zone, where slow subsidence prevailed during the Middle Jurassic uplift phase, that af-
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fected the Ringkgbing-Fyn High and most of the Danish part of the basin including the
Skagerrak-Kattegat Platform and parts of Skane (Nielsen 2003).

The regional depositional model for the Haldager reservoir is shown on Figures 5.6, 5.8,
5.10. Generally, the formation consists of thick fluvial and shallow marine sandstones inter-
bedded with thin mudstones. In the Sorgenfrei-Tornquist Zone the formation consists of four
fluvial-estuarine to shallow marine sandstone units separated by marine and lagoonal-
lacustrine mudstones (Figs 5.6, 5.10). Outside the fault-bounded graben, the sandstones were
mainly deposited by braided rivers, and are expected to be laterally coherent without signifi-
cant primary hydraulic barriers. Anomalies with respect to facies and thickness occur locally in
rim-synclines to salt-structures. The sediments were supplied from the north and east, but
deep erosion of Triassic and older strata on the Ringkebing-Fyn High and Lower Jurassic
mudstones along the northern flank of the high added a substantial amount of material. As
a result of the uplift of the Ringkabing-Fyn High, high-energy braided rivers shed erosion
products into the Sorgenfrei-Tornquist Zone, which experienced slow fault-controlled subsi-
dence. The formation is thin and patchy distributed in the southern and south-western part
of the basin with thickness below 10 m. In the more central parts of the basin the thickness
increases to 25-50 m; in the Sorgenfrei-Tornquist Zone between the Fjerritslev and Bgar-
glum faults the thickness further increases to ca. 175 m. On the Skagerrak-Kattegat Plat-
form the formation thins to 15-30 m. The sandstones are mostly medium to coarse-
grained, slightly pebbly, well to moderately sorted sandstones and greywackes.

The Haldager Sand Formation is covered by the marine mudstones of the Bgrglum For-
mation with excellent sealing capacity and may locally be a promising reservoir for CO,
storage in the Danish subsurface.

6.4 Samples

Mesozoic sediments onshore Denmark occur at a wide spectrum of burial depths making
investigations of diagenetic evolution with burial depth possible. Cored intervals of the
Skagerrak Formation have present day burial depth from 600 — 5100 m (Fig. 6.1). The cor-
responding maximum burial depths are ca. 1750 — 5900 m (with an estimated error of +
200 m) corrected for Late Cretaceous to Early Palaecogene and Neogene uplift (Weibel
1999). Cores from the Gassum and Haldager Sand Formations represent burial depths
from 550 to 3360 m (Fig. 6.2) and 450 — 2500 m (Fig. 6.3), respectively.
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Figure. 6.1. Cored intervals of the Skagerrak formation onshore Denmark.
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Figure. 6.2. Cored intervals of the Gassum Formation onshore Denmark.
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Figure. 6.3. Cored intervals of the Haldager Sand Formation onshore Denmark.

6.5 Laboratory methods

6.5.1 Petrography

Petrography was evaluated from transmitted light and reflected light microscopy of polished
thin sections. The sedimentary rocks were impregnated with blue epoxy for easy identifica-
tion of porosity. Half of the polished thin section was stained for easy recognition of K-
feldspar. Modal compositions of the sandstones were obtained by counting minimum 300—
500 points in each thin section. Supplementary studies of crystal morphologies and par-
agenetic relationships were performed on gold coated rock chips mounted on stubs and on
carbon coated thin sections using a Phillips XL 40 scanning electron microscope (SEM).
The scanning electron microscope was equipped with secondary electron detector (SE),
back-scatter detector (BSE), cathodoluminescence detector (CL); and with a Thermo
Nanotrace 30 mm? detector surface window and a Pioneer Voyager 2.7 10 mm? window
Si(Li) detector energy dispersive X-ray analysis (EDX) system. The electron beam was
generated by a tungsten filament operating at 17 kV and 50-60 pA.

6.5.2 Microprobe analysis

Feldspar composition was analysed on carbon-coated polished thin sections on a JEOL®
JXA-8200 microprobe at an acceleration voltage of 15 kV and a beam current of 15 nA.
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6.5.3 X-ray diffraction (clay and bulk mineralogy)

The clay fraction samples were separated by sieving and gravitational settling and pre-
pared as smear slides. Bulk samples were mounted with random orientation. Samples were
scanned on an automated Philips© PW 3710 X-ray diffractometer with automatic diver-
gence slit, using graphite monochromated CuKa radiation. The clay specimens were
scanned air-dried; ethylene glycolated at 60°C; and after heating at 500°C for one hour.
Criteria for identification of clay minerals can be found in Weibel (1999). Quantification of
major mineral phases was done by Rietveld analysis of x-ray diffractograms of bulk-rock
samples, whereas the clay minerals were evaluated semi-quantitatively.

6.5.4 Porosity and permeability

The porosity and permeability were measured according to the APl RP-40 standard (API
1998). Gas permeability was measured at a confining P ~ 2.8 MPa (400 psi), and at a
mean N, gas pressure of ~ 1.5 bar (bar absolute) = 0.15 MPa (permeabilities below 0.05
mD were measured using a bubble flowmeter). He-porosity was measured unconfined.

6.6 Petrography and diagenesis

The detrital composition and authigenic formed minerals will be presented for each forma-
tion: Skagerrak Formation, Gassum Formation and Haldager Sand Formation. The detrital
composition can be compared in several ways; in Figure 6.4 the amount of quartz, feldspar
and rock fragments are compared according to the classification by McBride (1987). The
mineralogical changes with burial depth will first be discussed for each formation prior to
comparison of the diagenesis in the respective formations. The early diagnesis (eogenesis)
is very different between the formations, as it is strongly tied to the depositional environ-
ment (Schmidt and McDonald, 1979). The diagenesis during increased burial depth
(mesogenesis) comprise the changes when interstitial water is no longer controlled by the
surface environment (Schmidt and McDonald, 1979) and is consequently strongly related to
the stability and instablility of the detrital minerals (as well as their abundance). This can
explain the remarkably degree of consistency in the diagenetic assemblages (illite, chlorite,
ferroan carbonate, quartz cement and secondary porosity) formed at deep burial in sedi-
ment of a variety of environments and tectonic settings and it suggests that depth-related
(mesogenetic) diagenetic processes conform to a pattern that may be predictable (Burley et
al. 1985).
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Figure. 6.4. Ternary diagram showing the classification, according to McBride (1968), of
the Danish Mesozoic onshore sandstones. Data for the Gassum Formation after Friis
(1987).
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6.6.1 Skagerrak Formation

The alluvial fan and braided river deposits of the Triassic Skagerrak Formation has present
day burial depths from 600-5000 m and total thicknesses up to 1700 meters (Nielsen &
Japsen 1991; Mathiesen et al. 2009).

6.6.1.1 Detrital composition

The sediments are arkoses, lithic arkoses and subarkoses (Figs 6.4 & 6.5; Weibel 1998)
according to the classification of McBride (1963). The sediments vary from fine-grained
sandstones to conglomerates. The sorting is poor to moderate in the northeastern part of
Denmark but the degree of sorting increases towards southwest. The grains are typically
subangular to subrounded.

Monocrystalline quartz is the major framework grain, though polycrystalline quartz also
occurs. The feldspar group is completely dominated by K-feldspar, though plagioclase
grains have been identified. Alteration of feldspar grains includes dissolution, clay mineral
or carbonate replacement, sericitisation and possible albitisation (only in the deeper reser-
voir sandstones, for example Thisted-2). Furthermore, a relatively high number of altered
grains are probably altered feldspar grains.

The rock fragments are mainly igneous and rarely metamorphic, but volcanic rock frag-
ments are common in a specific area (in the Mors-1, Thisted-2, Thisted-4 and Gassum-1
wells). Clay intraclasts that probably are rip-up clasts from overbank deposits occur in high
abundance in few samples. Mica occurs in small amounts in most samples. Mica shows
signs of oxidation, reduction (only in reduction spots), replacement by clay minerals or mi-
nor expansion due to precipitation of authigenic phases (hematite and anatase) between
cleavage planes. Transparent (apatite, zircon, tourmaline, rutile, amphibole) and opaque
heavy minerals are common accessory minerals, though they may be abundant in specific
samples containing heavy mineral lamina. Opaque minerals may in specific samples be
present in up to 20.3%. The alteration of opaque minerals includes among other leucoxene
replacement of iimenite and hematisation of magnetite (Weibel 1998; Weibel & Friis 2007).

6.6.1.2 Authigenic phases

The dominating porosity reducing cements in the Skagerrak Formation are carbonates and
clays (Figs 6.6, 6.7 & 6.8). Clay minerals occur as pore-lining, pore filling cement as well as
replacement of detrital grains, which, besides feldspar and mica, may include both volcanic
rock fragments and heavy minerals. The clays are dominated by smectite in the shallow
wells, whereas mixed-layer illite/smectite and illite become more abundant with increased
burial depth (Weibel, 1999). Infiltration clays (Fig. 6.7A), probably of smectitic composition,
are volumetrically important in rare samples. Authigenic illite appears as radiating crystals
either pore lining or intragranular on remnants of almost completely altered detrital minerals
(Figs 6.8C & D). Chlorite occurs as a late diagenetic pore filling cement and is clearly sepa-
rated from illite by red coatings (Figs 6.8E & F). Kaolin dominates the clay mineral assem-
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blage in the reduction spots and reduced areas, but is rare in the red host (Weibel 1998,
1999) (Figs 6.11 E & F).

Red coatings cover most detrital grains and are found in between some authigenic phases.
The red colouration of the Skagerrak Formation origins from goethite in the shallow sand-
stones (< 2100 m), but from hematite in the deeper sandstones (>2700 m), where the goe-
thite needles are pseudomorphous transformed into hematite (Weibel 1999; Weibel &
Groberty 1999). Additionally hematite occurs as replacement of mica and amphiboles, syn-
taxial overgrowth on detrital hematite and as pore filling crystals arranged as rosettes which
appear to be "doughnut" shaped in high resolution (SEM).

The carbonate cement is typically dolomite, which occurs either as rhombohedral-shaped
crystals with distinct growth zones, or as pore filling poikilotopic and micritic cement, which
may be replacive to other mineral phases (Figs 6.7E & F). The nucleation points for car-
bonate are altered plagioclase grains or clay intraclasts where they are present (Figs 6.7C
& D). The micritic cement is common in between the cleavage planes of expanded mica,
whereas the poikilotopic cement is pore filling and corrosive towards the other mineral
phases. The pore filling carbonate often has a radiating extinction thereby resembling sad-
dle dolomite. Occasionally the pore filling carbonate cement is calcite or ankerite (ankerite
in the Vedsted-1 well; Appendix 1). Calcite corrodes the rims of the detrital minerals which
"float" in the calcite matrix. Calcite occurs as both micritic and poikilotopic cements. The
micritic cement exhibits several of the Alpha calcrete fabric elements described by Wright
(1990). For example the calcite crystals form a radiating rim on the detrital grains in some
of the shallow wells (Frederikshavn-1, -2, Skagen-2 and Flyvbjerg-1) (Fig. 6.7A).

Of minor volumetrically importance are quartz overgrowths and feldspar overgrowths. Syn-
taxial quartz overgrowths occur as prismatic or pore filling crystals. Prismatic authigenic
quartz (occasionally bi-pyramidal authigenic quartz) occurs where relatively thick clay rims
or red coatings cover the detrital grains (Figs 6.9A & B). Pore filling quartz occurs only in
rare very fine-grained (siltstone - fine-grained sandstone) cross-stratified samples. Authi-
genic macroquartz encloses other authigenic phases, such as red coatings (Fig. 6.9D),
anatase, illite rims, fibrous illite, feldspar, early carbonate rhomb and occasionally prismatic
quartz as observed in the deepest well (Mors-1). Pressure solution and fractural healing in
detrital quartz grains (and abundant authigenic quartz) are common phenomena in the
Gassum-1 well, which has a lower content of ductile rock fragments and authigenic clay
minerals (Fig. 6.9.F). Thick red coatings seem to have a prohibiting effect on the pressure
solution.

Authigenic feldspars occur as syntaxial and rarely epitaxial overgrowths on detrital feldspar
grains and as crystals precipitated on remnants of dissolved feldspars in the secondary
porosity (Figs 6.10A, B & C). Authigenic feldspar encloses red coatings and illitic rims (Fig
6.10D). Feldspar overgrowths are more abundant than quartz overgrowths in the shallow-
est part of the cores from the Gassum-1 well, and in fine-medium grained samples in the
Thisted-2 well.

Rare authigenic minerals include anatase, pyrite and anhydrite (Fig. 6.11). Titanium-oxides
comprise leucoxene, which replaces detrital titanium-rich minerals, and single crystals of
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anatase, which are precipitated in the pore space. Pyrite occurs as framboidal or euhedral
cubic pore filling crystals or replacement of mica in the reduction spots (Figs 6.11C & D).
Pyrite is commonly occurring together with kaolin. Crandallite group minerals occur as eu-
hedral cubic pore filling crystals along the outer rim of reductions spots.

Anhydrite is the last authigenic phase and corrosive to all other mineral phases (Figs 6.11A
& B). Anhydrite is very rare in the Skagerrak Formation.

Mechanical deformation of ductile grains such as mica, clay intraclasts and rock fragments

is common in the deepest reservoir sandstones, whereas pressure solution of quartz oc-
curs in sandstones with a low content of ductile grains.
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100 pm

Figure. 6.7. Carbonate diagenesis in the Skagerrak Formation. A. Calcrete showing radiat-
ing crystals on the detrital grains, Frederikshavn-2, 1050.95 m, crossed nicols. B. Early
calcite cement precipitated between the cleavage planes of detrital chlorite, Gassum-1,
2153.73 m. C. Dolomite precipitation related to feldspar alteration. Gassum-1, 2153.71 m,
scanning electron micrograph. D. Dolomite precipitation related to feldspar alteration, Gas-
sum-1, 2153.40 m. E. Late dolomite precipitation after quartz overgrowth, Gassum-1,
2153.71 m, scanning electron micrograph. F. Late dolomite cement formed after feldspar
overgrowth (marked by arrows) on detrital K-feldspar (K-f), Thisted-2, 2763.04 m.
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Figure. 6.8. Clay minerals in the Skagerrak Formation. A. Smectitic infiltration clay orien-
tated parallel to the detrital grain surface, Saeby-1, 1628.03 m, crossed nicols. B. Complete
clay mineral and iron-oxide/hydroxide replacement of unstable silicate grain, Thisted-2,
2912.26 m, crossed nicols. C. Mixed-layer smectite/ilite as indicated from their boxwork
texture, from which illite whiskers grows, Thisted-2, 2761.40 m, scanning electron micro-
graph. D. Rim of illitic clay and illite whiskers prior to quartz cementation, Mors-1, 5081.93
m, crossed nicols. E. Rim of illitic clay preceding pore filling chloritic clays, Mors-1, 5032.22
m, scanning electron micrograph. F. Rim of illitic clay preceding pore filling chloritic clays,
Mors-1, 5090.32 m, crossed nicols.
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Skagerrak Formation  Quartz diagenesis

100 pm

Figure. 6.9. Quartz diagenesis in the Skagerrak Formation. A. Prismatic quartz outgrowths
after thick clay coating, Thisted-2, 3162.29 m, scanning electron micrograph, B. Prismatic
authigenic quartz in pore space, Thisted-2, 2919.33, C. Quartz overgrowths after iron-
oxide/hydroxide coatings, Gassum-1, 2508.91 m, scanning electron micrograph, D. Quartz
overgrowths after iron-oxide/hydroxide coatings Gassum-1, 2524.75 m, E. Quartz over-
growths enclosing partly dissolved feldspar, Vedsted-1, 2065.00 m, scanning electron mi-
crograph, F. Pressure solution and sutured grain contacts between quartz grains, Gassum-
1,3122.48 m.
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Figure. 6.10. Feldspar alteration and authigenesis in the Skagerrak Formation. A. Partly
dissolved detrital plagioclase with authigenic albite precipitations, Vedsted-1, 2064.94 m,
scanning electron micrograph. B. Close up of A. C. Dissolution of feldspar (the iron-
oxide/hydroxide coating marks to original size of the grain) and precipitation of feldspar (K-
feldspar?), Thisted-2, 2764.62 m. D. Limited feldspar overgrowth formed after iron-

oxide/hydroxide coating, Thisted-2, 2764.62 m.
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Figure. 6.11. Minor authigenic phases in the Skagerrak Formation. A. Anhydrite (An) pore
filling cement after carbonate cement (Ca) and feldspar overgrowth (Fo) on detrital feldspar
(F), Thisted-2, 2763.04 m. B. As A, crossed nicols. C. Framboids of pyrite in reduction spot,
Skagen-2, 562.00 m, scanning electron micrograph. D. Recrystallised framboids of pyrite in
reduction spot, Gassum-1, 2153.73 m, scanning electron micrograph. E. Vermicular kaolin-
ite, Frederikshavn-1, 1158.11 m, scanning electron micrograph. F. Kaolinite precipitated
between the cleavage planes of muscovite, Seeby-1, 1613.25 m.
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6.6.1.3 Mineralogical changes with burial depth
The chronological order of these authigenic phases is shown in the paragenetic sequence
of the Skagerrak Formation (Fig. 6.12).

Shortly after deposition of the Skagerrak Formation mineral alterations begin, such as dis-
solution of iron-magnesium silicates and leucoxene replacement of Fe-Ti oxides, which
liberates iron. Due to the prevailing oxidising conditions in the interstitial water, a conse-
quence of the arid to semi-arid climate during deposition of the Skagerrak Formation
(Bertelsen 1980), direct precipitation of iron-oxides/hydroxides is promoted (Walker 1976;
Durrance et al., 1978; Ixer et al., 1979, Weibel and Grobety, 1999). Direct precipitation of
goethite occurs at shallow depths, whereas pseudomorphous transformation of goethite
needles into hematite occurs in the deeper parts of the Skagerrak Formation (Weibel 1999;
Weibel and Grobety 1999). Red coatings continued to precipitate into the early mesoge-
netic regime, as they can be observed between authigenic phases, such as mesogenetic
quartz, dolomite and clays (Weibel 1998). Authigenic hematite is also recognised as over-
growths and replacement of other minerals.

The fact that the red pigments in most Mesozoic red sediments consist of hematite,
whereas ferrihydrite and goethite are more common in younger sediments, has lead sev-
eral authors (Van Houten 1961, Walker 1967, Schluger and Roberson 1975, Turner 1980)
to the assumption that ferrihydrite and goethite ages into hematite. Though the Skagerrak
Formation spans over approximately 30 Ma, it is all of Triassic age. Thus the transformation
of goethite into hematite seems mainly to be temperature dependent (Weibel 1999, Weibel
and Grobety, 1999).

Smectite is the dominant clay mineral of infiltration clays and ‘rip-up’ clasts from the shal-
low-buried part of the Skagerrak Formation. The honeycomb texture of illitic phases indi-
cates transformation of smectite into mixed-layer illite/smectite and finally illite (Figs 6.8C &
D; Weibel 1999). Transformation of smectite into random mixed-layer smectite-illite has
occurred in the part of Skagerrak Formation exposed to estimated burial temperatures of
47-68°C (Weibel 1999). This is consistent with the findings of Sfodon (1984), who de-
scribes the transformation of smectite layers into illite layers in mixed-layer smectite-illite to
begin at temperatures ~ 50°C, though the reaction rate may also depend on smectite
chemistry and K-activity in the pore fluids (Chang et al. 1986; Ramseyer and Boles 1986).
Ordered mixed-layer illite/smectite occurs in deep wells with an estimated burial tempera-
ture of > 74°C (Weibel 1999). Other investigations (Perry and Hower, 1970; Chang et al.
1986; Pearson and Small 1988; Pollastro 1993) suggest higher temperatures in the range
of 90-125°C before ordering of mixed-layer illite/smectite takes place. This variation in
temperatures may be a result of relatively high K-activity in the pore fluids possibly caused
by K-rich brines from the underlying Zechstein evaporates. Authigenic illite, recognised by
its fibrous appearance (Fig. 5.12C), occurs in samples exposed to maximum burial tem-
peratures > 105°C (Weibel 1999).

Smectite transformation into random mixed-layer smectite/chlorite occurs at 58°C esti-
mated minimum burial temperature, and into ordered mixed-layer chlorite/smectite (corren-
site) at > 105°C in the Skagerrak Formation. Ordering of mixed-layer smectite/chlorite has
been observed to take place at 60°C in sandstones and 70°C in shales (Chang et al. 1986)
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whereas corrensite forms at temperatures > 100°C in mudrocks (Hillier 1993). Direct pre-
cipitation of chlorite may have been favoured by the liberated elements from the transfor-
mation of smectite into illite (see Burley 1984).

Kaolin is abundant in shallow wells where it is associated with alteration of muscovite and
feldspars, but decreases in abundance with increased burial depth (Weibel 1999). A ver-
micular morphology is common in samples from shallow wells, whereas blocky crystal
growth between the vermicular flakes occurs at increased burial depth; and at maximum
burial depth kaolin has a blocky morphology. Formation of kaolin due to meteoric water
flushing (Bjarlykke and Aagaard, 1992) can only be considered a possibility under the hu-
mid condition during deposition of the overlying Gassum Formation and in case of very
slow burial. Recycling of the Skagerrak Formation during deposition of the Gassum Forma-
tion is another possible explanation. Replacement of vermicular kaolin with a more blocky
morphology (probably dickite) begins at estimated burial temperatures < 75°C (Weibel
1999). Investigations by Ehrenberg et al. (1993) show that transformation of vermicular
kaolinite to blocky dickite occurs at ~ 120°C, however this may reflect the completion tem-
perature, whereas the 75°C reflects the onset of the transformation, which seems to be a
gradual process, as described Beaufort et al. (1998).

Two or more episodes of quartz precipitation occur. The first formation of prismatic authi-
genic quartz outgrowths, rather than quartz overgrowths, probably reflects a limited silica
concentration in the pore fluid as well as limited access to detrital quartz surfaces due to
thick clay rims or red coatings. Thus authigenic clay rims and iron-oxide/hydroxide coatings
inhibit quartz diagenesis, as previously described for chlorite (Ehrenberg, 1993) and illite
(Storvold et al. 2002). Macroquartz is more abundant in the deeper wells (Mors-1, Thisted-2
and Gassum-1) probably reflecting increased liberation of silica from feldspar alteration,
and from pressure solution in the samples with the lowest content of ductile fragments
(mica, rock fragments) and authigenic clays. The sandstones in the Gassum-1 well gener-
ally have lower contents of ductile fragments and thinner red coatings, consequently frac-
tural healing, pressure solution and thick quartz coatings are more abundant here. The
quartz diagenesis is thus depending on the detrital composition and the previous diagenetic
evolution as well as the burial depth.

The micritic carbonate cement is formed early diagenetic, as it exhibit displacive growth
textures (between cleavage planes of expanded mica) and it forms rims of radiating crys-
tals on detrital grains and is frame-work supporting. The carbonate thus exhibits several of
the Alpha calcrete fabric elements described by Wright (1990). Calcrete is only found in
relatively shallow parts of the Skagerrak Formation from the northeasternmost wells
(Frederikshavn-1, -2, Skagen-2 and Flyvbjerg-1). Calcrete and dolocrete are common in
the arid to semi-arid Triassic non-marine sediments (i.e. Mader 1983; Burley 1984). Cal-
crete was either not formed in the deeper part of the Skagerrak Formation or recrystallisa-
tion and growth of larger crystals at the expense of smaller may have taken place at deeper
burial depths. Formation of calcrete can only take place if there is discontinued sedimenta-
tion and time enough for pedogenetic processes to be active. In marginal areas, dominated
by ephemeral streams, mature calcretes developed, whereas in the distal, sandy braided
stream environments with more continuous sedimentation poikilotopic and nodular cements
formed instead (Burley 1984). Alluvial fan deposits characterise the Skagerrak Formation in
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the proximal northeasternmost part of the Norwegian-Danish Basin, whereas braided
stream deposits are more dominating towards the distal southwesternmost part of the ba-
sin. Lack of pedogenetic developments in the southwesternmost part may therefore best
explain the observed lateral differences in the Skagerrak Formation.

Poikilotopic carbonate cement probably forms later. The pore filling carbonate often has a
radiating extinction thereby resembling saddle dolomite. Saddle dolomite forms at tempera-
tures higher than 60-80°C and lower than 90-160°C under the influence of pore fluids of
higher salinity than seawater (Spotl and Pitman, 2009). Occasionally the poikilotopic car-
bonate cement is calcite or ankerite cement. Ankerite can form at temperatures similar to
dolomite, i.e. 110-165°C in the Triassic Sherwood Sandstone Group, U.K. (Schmid et al.

2004).
Eogenesis Mesogenesis
Infiltration clay =
Dissolution of detrital grains e
Calcite caﬁete Eikilotopic
Iron-oxide/hydroxides -
Hematite
Leucoxene replacement
Clay replacement
: homb filli
Dolomite = (PN
. smectite-illite fibrous illite
lllite —— =
Albite replacement o2
Dissolution of dolomite =
Anatase e
ismati filli
Quartz overgrowth P s ——
Feldspar precipitation overgrowth in secondarr porosity
z : vermicular  blocky
Kaolin minerals m? rm?
Pressure solution  —?
Chlorite rmm?
Anhydrite -

Figure. 6.12. Diagenetic sequence for the Skagerrak Formation, simplified after Weibel

(1998).
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6.6.2 Gassum Formation

The Upper Triassic — Lower Jurassic shallow marine and paralic sandstones of the Gas-
sum Formation) are present in most of Denmark (Fig. 1; Nielsen 2003). It occurs with thick-
nesses up to 400 m (Mathiesen et al. 2009) and present day burial depths varying from
550-3350 m.

6.6.2.1 Detrital composition

The Gassum Formation comprises fine to medium-grained, well-sorted sand with occa-
sional oversize clay clasts between otherwise subangular to subrounded detrital grains.
Rare bimodal sorting of the sand can be found in samples from the Vedsted-1 well. The
sandstones of the Gassum Formation are mainly subarkoses and arkoses (Figs 6.1 & 6.13;
Friis 1987) according to the classification by McBride (1963). Monocrystalline quartz, with
subordinate polycrystalline quartz, dominates the framework grains. The feldspar abun-
dance varies across the Danish Subbasin and feldspar is relatively more abundant in the
northwestern part than in the eastern part. K-feldspar is generally the dominating feldspar
in the northern part of Denmark, whereas albite is characteristic in the eastern part of Den-
mark, i.e. in the Stenlille wells (Fig. 6.13; Appendix 2). Ca-rich plagioclase has not been
identified. Alteration of feldspar grains includes partly dissolution, seritization, replacement
by kaolin or carbonate and incipient albitisation in the deepest buried sandstones. Some
oversize pores with clay-lining mould (“ghost rim”) are inferred to originate from completely
dissolved feldspar grains. Rock fragments are generally rare; the only exception being the
very coarse-grained sandstones. Plutonic, micaceous metamorphic and sedimentary rock
fragments are equally abundant. Mica is present in all samples and is commonly abundant
in the fine-grained samples. Mica is dominated by muscovite with subordinate biotite and
chlorite. Mica shows varying degree of alteration from expansion along cleavage planes
caused by precipitation of authigenic minerals (e.g. siderite) to compaction along stylolites
in the deepest wells. Organic matter occurs in most samples. Accessory minerals include
tourmaline, rutile, zircon and opaque heavy minerals, the latter being dominated by ilmenite
intensively altered to leucoxene.

6.6.2.2 Authigenic phases

The porosity reduction is mainly due to compaction in sandstones of burial depths down to
1500 m (Friis, 1987). The exception is occasionally extensive siderite precipitation in mica
rich samples. At increasing burial depth quartz diagenesis, carbonate precipitation and
feldspar alteration becomes important porosity influencing processes, whereas pyrite only
locally may be important as pore filling cement (Figs 6.14, 6.15, 6.16, 6.17, 6.18, 6.19 &
6.20).

Siderite is the first authigenic phase and appears as occasional displacive spherulites and
numerous rhombs (up to 15 um large) in the open pore space or between cleavage planes
of mica (preferentially biotite or chlorite) resulting in expansion of the micas original size
(Fig. 6.15A, B & D). The last type of siderite has only been identified in shallow buried
sandstones, where it may be a porosity reducing factor.

Pyrite is ubiquitous in all samples and may occur in three phases, first framboids, followed
by euhedral crystals and presumably a tertiary pore filling cement (Fig. 6.16). Pyrite is
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commonly associated with organic matter or altered Fe-bearing minerals e.g. ilmenite re-
placed by leucoxene. Pyrite framboids precipitate early diagenetic more or less simultane-
ously with the siderite rhombs, as pyrite framboids may occur enclosed in the siderite
rhombs (Fig. 6.16C) or nucleated on them. Euhedral pyrite crystals enclose pyrite fram-
boids and kaolin booklets (Figs 6.17D & E). Pore filling pyrite commonly encloses partly
dissolved K-feldspar grains. Marcasite has been observed in a few samples, where it oc-
curs as clusters of crystals and, locally, as pore filling cement and, occasionally, partly in-
side pyrite concretions.

Kaolin booklets typically fill the primary pores commonly adjacent to partly dissolved
feldspar grains and more rarely within the intragranular porosity, i.e. the secondary porosity
of feldspar and mica. Kaolin in oversize pores is inferred to represent replacement of detrit-
al feldspar grains (Figs 6.17A, E & F). Extremely fine kaolin crystals form between the clea-
vage planes of mica, in particular muscovite, leading to expansion of its original size. Fine
kaolin crystals may also occur in secondary porosity possibly as replacement of mica. Kao-
lin booklets may be enclosed in euhedral pyrite crystals, authigenic quartz and ankerite.

Authigenic quartz, as syntaxial overgrowths, is common in most samples (Figs 6.18 &
6.19). The amount of authigenic quartz may be underestimated, where there are no distinct
boundary between the overgrowths and the detrital grain, i.e. poorly developed dust lines.
However, the size of individual quartz overgrowths may be up to 100 um on monocrystal-
line quartz grains (Friis 1987). Authigenic quartz encloses authigenic anatase, pyrite and
clay minerals as chlorite, illite, kaolin (Figs 6.17, 6.18F, 6.19A & 6.20F), whereas barite and
ankerite enclose authigenic quartz.

The carbonates (mainly ankerite; Appendix 1) can be pervasive in intensely cemented
samples or appearing as rhombohedrons (typically calcite and siderite) in sporadic ce-
mented parts (Figs 5.15C, D, E & F). Pore filling carbonate can be corrosive or replasive
towards all other minerals. Siderite rhombehedrons, on the other hand, tend to have dis-
plasive growth and may occasionally in shallow buried sandstones form intensely ce-
mented parts of the sediments. Calcite and siderite dominate in the Stenlille-18 well,
whereas ankerite dominates some samples in the Vedsted-1 well. XRD analysis showed
that dolomite is the dominating carbonate cement in the Aars-1 well (Krabbe & Nielsen
1984; Larsen 1986). However, microprobe analysis showed that the actual composition of
the carbonate resembles ankerite more than dolomite (Friis 1987). Ankerite cement com-
monly encloses remnants of detrital albite. Siderite is abundant in the fine-grained facies
(mudstones and the heterolithic sandy/silty-mudstones), whereas ankerite dominates the
more coarse-grained facies with coarse to fine-grained sandstones (Friis 1987).

Volumetrically minor authigenic phases in the deep wells include illite, chlorite, pyrite, albite
and K-feldspar. Chlorite is important, in specific samples, as pore lining and pore filling ce-
ment. Chlorite abundance is related to depositional environment in such a way that chlorite
forms very thick coatings in offshore sandstones, but thinner coatings in shoreface and
estuarine environments, and chloritic clay coatings have even been observed in fluvial de-
posits (Fig. 6.17F). Chlorite typically constitutes less than 2 % of the clay minerals (Schmidt
1985; Friis 1987).
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Authigenic albite occurs as overgrowths and as crystals growing on remnants of partly dis-
solved detrital feldspar grains. Though authigenic albite is common in samples of interme-
diate or deep burial (i.e. from the Gassum-1 and deeper wells) it is of minor volumetric im-
portance. Authigenic K-feldspar besides authigenic albite on detrital feldspar grains were
described in samples with burial depths of more than 1500 m by Friis (1987).

Rare pore filling barite encloses authigenic quartz (Fig. 6.21A) and is enclosed in ankerite.
Anatase occurs as replacement of detrital Fe-Ti oxides and as single crystals formed in the
open pore space (Figs 6.21A, E & F). Rare apatite overgrowths occur on detrital apatite
and rare monazite encloses kaolin and possibly authigenic albite (Fig 6.21C). Authigenic
anatase, pyrite and crandallite group minerals occur in association with stylolites (Figs
6.21D & F).

Meniscus forming clays containing tiny barite and fluorite crystals, found in the Stenlille-18
and Stenlille-12 wells, are considered to be infiltrated drilling mud. The smectitic clays iden-
tified by XRD are probably drilling mud and consequently not part of the Gassum Forma-
tion.

6.6.2.3 Porosity and permeability
Primary porosities (from point counting) up to 34 % have been registered in the shallowest
sandstones (in the Thisted-3 well, 1180 m). With increasing burial the average porosity
decreases and the contribution from secondary porosity increases (up to 5 % in the Aars-1
well out of a total porosity of 10 %).
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Figure. 6.13. Average detrital composition of the Gassum Formation shown as pie dia-

grams for each analysed well on isopach map of the Gassum Formation (modified after
Mathiesen et al. 2009).
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Figure. 6.15. Carbonate diagenesis in the Gassum Formation. A. Siderite rhombs growing
between the cleavage planes in mica, thereby expanding its size several times, Gassum-1,
1540.16 m, backscatter electron micrograph. B. Siderite growing between the cleavage
planes in mica, Vedsted-1, 2010.12 m, scanning electron micrograph. C. Pore filling car-
bonate (calcite?) cement, Thisted-3, 1225.62 m, crossed nicols. D. Siderite cores with
ankerite rims, Vedsted-1, 2009.69 m. E. Pore filling ankerite cement growing around partly
dissolved K-feldspar (stained), Aars-1, 3215.70 m, crossed nicols. F. Pore filling ankerite
cement around quartz grains, Aars-1, 3208.75 m, scanning electron micrograph.
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Figure. 6.16. Pyrite diagenesis in the Gassum Formation. A. Pyrite framboids in a row and
one pyrite framboid enclosed in euhedral pyrite, Frederikshavn-2, 925.61 m, backscatter
electron micrograph. B. Pyrite framboid, Stenlille-18, 1662.47 m, scanning electron micro-
graph. C. Pyrite framboids, some enclosed in siderite rhombs, Gassum-1, 1540.16 m,
backscatter electron micrograph. D. Euhedral and concretionary pyrite enclosing siderite
rhombs, Frederikshavn-2, 885.85 m, backscatter electron micrograph. E. Euhedral pyrite
enclosing kaolin crystals, Stenlille-18, 1662.07, backscatter electron micrograph. F. Pore
filling pyrite, Thisted-3, 1211.25 m, reflected light.
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Figure. 6.17. Clay minerals in the Gassum Formation. A. Kaolin and pyrite filling an over-
sized pore, Stenlille-18, 1662.45 m. B. Blocky dickite growing between vermicular kaolinite,
Vedsted-1, 2010.12 m, scanning electron micrograph. C. lllite rims partly captured in authi-
genic quartz, Farsg-1, 2880.11, backscatter electron micrograph. D. Kaolin enclosed in
authigenic quartz, Aars-1, 3208.72 m, backscatter electron micrograph. E. Moldic pores
marked by illite rims and partly filled by kaolin minerals, Aars-1, 3321.52 m, crossed nicols.
F. Chlorite rim around completely kaolin replaced grain, Aars-1, 3208.72 m, backscatter
electron micrograph.
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Figure 6.18. Quartz diagenesis in the Gassum Formation. A. Small quartz overgrowth,
Thisted-3, 1211.03 m. B. Small quartz overgrowths, Gassum-1, 1540.16 m, backscatter
electron micrograph. C. Authigenic quartz in shape of 'quartz mountains’, Thisted-3,
1225.62 m, scanning electron micrograph. D. Limited quartz overgrowths on detrital quartz,
Thisted-3, 1173.68 m, scanning electron micrograph. E. Macroquartz completely covering
the detrital quartz grain, Vedsted-1, 2010.12 m, scanning electron micrograph. F. Quartz
overgrowths inhibited where thick chlorite coatings are present, Farsg-1, 2869.85 m, back-
scatter electron micrograph.
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Figure 6.19. Quartz diagenesis in the Gassum Formation. A. Authigenic quartz enclosing
kaolin minerals and chlorite, which locally seem to inhibit the authigenic quartz growth,
Aars-1, 3208.72 m, backscatter electron micrograph. B. Authigenic quartz enclosing illite
and kaolin minerals, Aars-1, 3275.35 m, scanning electron micrograph. C. Authigenic
quartz growing into secondary porosity after K-feldspar dissolution, Aars-1, 3208.72 m,
backscatter electron micrograph. D. Macroquartz on all detrital quartz grains, Aars-1,
3208.40 m, scanning electron micrograph. E. Macroquartz completely closing the primary
porosity, Aars-1, 3319.65 m. F. Stylolite marked by concentration of bending mica, Aars-1,
3277.45 m.
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Figure 6.20. Feldspar alteration and authigenesis in the Gassum Formation. A. Feldspar
dissolution after pore filling siderite formation, Thisted-3, 1183.95 m. B. Intense feldspar
dissolution, Thisted-3, 1233.38 m, scanning electron micrograph. C. Albite overgrowths on
perthite remnants, where the intergrown K-feldspar is partly dissolved, Gassum-1, 1640.03
m, backscatter electron micrograph. D. Authigenic albite precipitated on partly dissolved
feldspar, Vedsted-1, 2010.03 m, scanning electron micrograph. E. Feldspar overgrowth on
partly altered feldspar grain, Aars-1, 3277.45 m. F. Secondary porosity after partly dis-
solved K-feldspar which original outline is marked by a chloritic rim. Authigenic quartz
grows partly into the secondary porosity, Aars-1, 3208.72 m, backscatter electron micro-
graph.
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Figure 6.21. Accessory authigenic phases in the Gassum Formation. A. Pore filling barite
formed after authigenic quartz, illitic and chloritic rims, Aars-1, 3208.72 m, backscatter elec-
tron micrograph. B. Apatite precipitating after leucoxene replacement of Fe-Ti oxide, Aars-
1, 3208.72 m, backscatter electron micrograph. C. Authigenic monazite enclosing kaolin
and authigenic? albite, Vedsted-1, 2007.77 m, backscatter electron micrograph. D. Cran-
dalite group minerals precipitated along stylolite zone, Aars-1, 3352.54 m, backscatter elec-
tron micrograph. E. Anatase on partly dissolved leucoxene, Aars-1, 3353.05 m, scanning
electron micrograph. F. Pyrite and anatase precipitated in the stylolite zone, Aars-1,
3352.54 m, backscatter electron micrograph.
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6.6.2.4 Mineralogical changes with burial depth
The chronological order of the authigenic phases is shown in the paragenetic sequence of
the Gassum Formation (Fig. 5.26).

In a vegetated humid environment, as during deposition of the Gassum Formation, the or-
ganic matter plays an important role in the eogenesis. Organic matter creates reducing
conditions, under which iron is highly solvable, and it serves as an energy sources for mi-
crobes. Sulphate reducing bacteria promote the precipitation of pyrite framboids, which
therefore commonly form near organic matter. lIron-oxides and -hydroxides (ferrihydrite,
lepidocrosite, goethite and hematite) are unstable under the reducing conditions and are
considered possible sources for pyrite framboids (Canfield et al. 1992). Textural evidence
suggests that altered Fe-Ti oxides acts as an iron source for euhedral pyrite in the Gassum
Formation during increased burial and probably only where iron sources are limited (possi-
bly in deltaic or fluvial deposits). The pyrite formation slows down during burial, as less re-
active organic matter is available and due to more slowly liberation of iron from detrital iron-
rich minerals (Canfield et al. 1992). Concretionary pyrite precipitation in the Aars-1 well
seems to have formed beneath a marine (transgressive) erosional boundary. The level
containing pyrite concretions have probably been situated in the sulphate reducing regime
for a longer period than comparative sediments. Ferric iron, which is highly solvable, is
likely to migrate to such places of sulphate reduction (Berner 1969).

The displasive growth of siderite (spherulite and precipitation in between cleavage planes
of mica; Fig. 5.19A) and its interaction with pyrite framboids emphasise its early diagenetic
formation. Alternating pyrite and siderite precipitation occurs early diagenetic in the Gas-
sum Formation and can be related to small changes in pH and Eh conditions or variations
in CO3% or H,S saturation (Coleman & Raiswell 1981). Sulphate reducing bacteria can un-
der specific conditions (in a consortium with microbial fermenters) reduce Fe** using hy-
drogen, formed during fermentation, instead of sulphate (Coleman 1993). During bacterial
sulphate reduction, simple organic molecules (CH,O) are oxidised to HCO®, which can
precipitate as carbonates and siderite if the Fe-content is not limited. In this way, the same
sulphate reducing bacteria may promote formation of pyrite or siderite depending on the
associated microbial activity. Siderite is therefore not necessarily an indicator of methano-
genic environments where little or no sulphate is present (as suggested by e.g. Thyne and
Gwinn, 1994; Bailey et al., 1998) nor does alternating pyrite and siderite precipitation have
to be explained by moving freshwater/seawater interface as a response to sea level
changes (as suggested by Machemer and Hutcheon, 1988). Mica may have liberated iron
during its alteration, or served as a protective site for the bacteria colony, which could ex-
plain the numerous siderite crystals that precipitate between the mica cleavage planes and
result in expansion of mica to several times its original size.

The ankerite rims on the siderite cores in the Gassum Formation are clear evidence that
with increased burial the Fe content of the pore fluids decreases and the carbonate cement
becomes more Mg (and Ca) rich. This phenomenon is also known from fluvio-deltaic sedi-
ments from the Norwegian North Sea (Hammer et al. 2010) and from the Salam field
(Egypt's Western Desert) (Rossi et al. 2001). A change from a brackish influenced pore
water to more marine influenced pore water (for example by marine transgression of la-
goonal sediments) could also lead to relatively increase of Mg, Mn and Ca in the siderite as
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observed in spherulitic siderite in Holocene coastal deposits (Choi et al. 2003) and in side-
rite from fluvial-deltaic sediments under influence from marine waters (Rossi et al. 2001).
The estimated temperatures (140-170°C) of ankerite formed at deep burial (c. 3500-4500
m) in Jurassic sandstone from Central North Sea (Hendry et al. 2000) seem to be rather
high compared to the burial depth of sandstones containing ankerite cement in the Gassum
Formation. The differences may come from a relatively longer period of ankerite precipita-
tion in the Gassum Formation, though ankerite, similar to the Jurassic sandstone in the
Central North Sea, is one of the last forming authigenic cements.

Preferential occurrence of chlorite in marine influenced sediments (thickest chlorite coating
is observed in the offshore sandstones) suggests that chlorite formed early diagenetic by
direct precipitation in the anoxic pore waters in an estuarine and marine environment (see
Burley et al. 1985). Transformation of smectitic infiltration clays into chlorite, as the fluids
evolve to become more Fe and Mg rich with increased burial (which could be related to
elements liberated by smectite to illite transformations) is another possibility, which can
explain chlorite in fluvial sandstones.

Variation in the feldspar composition between the northern and the eastern part of the Dan-
ish Subbasin (eastern part of the Norwegian-Danish Basin) is indicative of sediment source
area differences. The sediment supply to the eastern part may have been dominated by
high quartz contents from kaolinised basement for example in southern Sweden (Ahlberg et
al. 2003), whereas the northern part may be characterised by a continued more northerly
sediment source. Feldspar dissolution preferentially affects the plagioclase grains at shal-
low burial depth but also the K-feldspar grains at deeper burial depth. Variations in the de-
gree of feldspar alteration within each sandstone sample are common in the Gassum For-
mation probably reflecting inherited chemical variations, crystallographic weaknesses etc.
Secondary porosity, mainly the result of feldspar dissolution, may constitute up to 5 % of
the total porosity of 11 % in the deepest buried sandstones from the Aars-1 well. However,
in the deepest sandstones the intragranular porosity in feldspar grains is partly filled by
authigenic phases (quartz or kaolin), including albite, which grows on the remnants of detri-
tal feldspar (Figs 5.24D & F). This incipient albitisation process, where albite crystals grow
along the cleavage planes in the parent K-feldspar grains with high intragranular porosity,
occurs at 65-90°C in Jurassic-Lower Cretaceous sediments offshore Norway (Saigal et al.
1988). Whereas albitisation represented by blocky albite crystals and lack of any dissolu-
tion porosity in K-feldspar occurs at higher temperatures > 90°C (Saigal et al. 1988). Other
investigations also point towards albitisations of both plagioclase and K-feldspar taking
place at higher temperatures (120-160°C, Boles and Ramseyer 1988; 120-150°C, Baccar
et al. 1993; 100-130°C, Mansurbeg et al. 2008). Different reactivity of feldspar grains to
albitization can be caused by variation in amounts of grain surface areas in contact with
pore fluid, degree of fracturing, chemical composition and structural state (Ramseyer et al.
1991). Carbonate probably formed as by-product of albitisation (Morad et al. 1990), which
explains why ankerite cement is commonly associated with feldspar.

Kaolin typically precipitates close to altered feldspar grains, and over-size pores filled com-
pletely by kaolin probably represent completely altered feldspar grains. Flushing of mete-
oric water shortly after deposition is responsible for dissolution of feldspar grains and pre-
cipitation of kaolin (see Bjarlykke 1998). The fresh water is diluted on most ionic species
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and therefore causes dissolution of the feldspar grains and other unstable grains, which
leads to formation of kaolin. This process is likely to occur in the fluvial, lacustrine and del-
taic environment, however not in the marine sediments.

The intensity of quartz diagenesis increases with burial depth, from being characterised by
quartz mountains (see Weibel et al. 2010 for a detailed description) in shallow sandstones
(for example in the Thisted-3 well, 1180 m; Fig. 5.22C), to large quartz overgrowths
(macroquartz) in the deeper buried samples (for example the Farsg-1 well, 2900 m and the
Aars-1 well, 3300 m; Figs 5.23 D & E) and follows the typical diagenetic trend of increasing
authigenic quartz abundance with burial for marine influenced sandstones (Bjgrlykke et al.
1986, Land & Fisher 1987, Ehrenberg 1990, Weibel et al. 2010). Pressure solution of
quartz and sutured grain contacts are limited to deeper buried sediments (in the Gassum-1
and Aars-1 wells). Sutured quartz grain contacts (microstylolites) occur in the Jurassic
Brent Group at depths greater than 2700 m and temperatures higher than c. 100°C (Harris
1992). Stylolites only occur in the fluvial deposits in the Aars-1 well at large burial depths of
3280 m (Fig. 5.23F). These sediments are characterised by only small amounts of ductile
grains and limited amounts of authigenic clay coatings.

Eogenesis Mesogenesis
Dissolution of Fe-oxides/hydroxides| m —
Siderite E—
Pyrite precipitation e Shels [ oncstnary
Leucoxene replacement
Dissolution of Fe-bearing grains e
Kaolin pore-filling crystals — —
Feldspar dissolution 7 —
Anatase crystals —
Marcasite -
Quartz overgrowth
Calcite cement o
Chlorite pore-lining crystals — —
lllite —
K-feldspar precipitation —
Albite precipitation —
Pressure solution —
Barite f
Ankerite cement =

Figure 6.22. Diagenetic sequence for the Gassum Formation, modified after Friis (1987).

6.6.3 Haldager Sand Formation

The Middle Jurassic fluvial, estuarine and shallow marine sandstones of the Haldager Sand
Formation) occur in restricted areas in the northern part of Denmark (Fig. 1; Nielsen 2003).
It has thicknesses up to 200 m (Mathiesen et al. 2009) and present day burial depth of
400-2500 m.
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6.6.3.1 Detrital composition

The Haldager Sand Formation is characterized by quartz arenites and subordinate subar-
koses (Fig 5.1 & 5.27). Quartz dominates the framework grains. K-feldspar is more com-
mon than plagioclase, which is extremely rare in the deepest buried sediments. Sparse
rock fragments are of plutonic, metamorphic or sedimentary origin. Organic matter is abun-
dant in some samples and commonly concentrated together with mica. Mica is dominated
by muscovite. A characteristic kaolinitised muscovite is found in most samples of the Hal-
dager Sand Formation, but not in the Gassum Formation. Heavy minerals are dominated
by a very stable assemblage (zircon, tourmaline, rutile). Occasionally samples have abun-
dant intraclasts and allogenic clays, some of which may be infiltration of drilling mud.

6.6.3.2 Authigenic phases

The porosity reduction is low in the shallow buried Haldager Sand Formation and mainly
due to compaction, as the amount of authigenic phases is very low compared to the other
formations (compare Fig. 5.28 with 5.18). Kaolin is the most abundant authigenic phase
(Fig. 5.29). Quartz, siderite, pyrite, iron-oxide/hydroxides and anatase are minor but com-
mon authigenic phases (Figs 6.26 & 6.27).

Kaolin is strongly related to alteration of K-feldspar, and it forms intragranular in cracks and
along cleavages planes, as well as in the adjacent pore spaces (Figs 6.25A, B, C & D).
Intense kaolin alteration of muscovite is also common (Figs 6.25E & F). Kaolin precipitates
between the cleavage planes of mica thereby expanding its original size. Pore filling kaolin
occurs in spotted areas of the deepest samples, but most of the pore space remains open.
Kaolin forms after framboidal pyrite (Fig. 6.26C) and prior to quartz overgrowths (Fig.
6.27D).

Framboidal pyrite is the first authigenic phase to form and is occasionally associated with
organic matter. Framboidal pyrite commonly occurs with an outer oxidation rim (6.26C).
Euhedral pyrite encloses framboidal pyrite and occasionally occurs with internal round dis-
solution voids (Figs 6.26B &E). Euhedral pyrite commonly forms around altered Fe-Ti
oxides (Fig. 6.26F).

Authigenic quartz (quartz mountains) occurs on detrital quartz grains and locally they may
merge together to thin quartz overgrowths (Fig. 6.27).

6.6.3.3 Porosity and permeability

Changes in the reservoir properties with increasing burial depth are mainly the result of
mechanical compaction, as only limited amounts of authigenic phases such as siderite,
pyrite and calcite occur. Generation of secondary porosity by feldspar dissolution has only
minor influence.
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Figure 6.23. Average detrital composition of the Haldager Sand Formation shown as pie
diagrams for each analysed well on isopach map of the Haldager Sand Formation (modi-
fied after Mathiesen et al. 2009).
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Figure 6.25. Kaolin precipitation in the Haldager Sand Formation. A. Local area with pore
filling kaolin, Vedsted-1, 1151.35 m. B. Pore filling vermicular kaolin, Vedsted-1, 1155.50 m,
scanning electron micrograph. C. Pore filling kaolin in over-size pore, Vedsted-1, 1155.50
m, backscatter electron micrograph. D. Vermicular kaolin growing within cleavage planes of
K-feldspar and in the adjacent pore space, Vedsted-1, 1155.44 m, backscatter electron
micrograph. E. Kaolin precipitating between the cleavage planes of muscovite and in the
adjacent pore space, Vedsted-1, 1155.50 m, backscatter electron micrograph. F. Kaolin
precipitating between the cleavage planes of muscovite, Vedsted-1, 1155.50 m, backscat-
ter electron micrograph.
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Figure 6.26. Pyrite in the Haldager Sand Formation. A. Framboidal pyrite in pore space,
Vedsted-1, 1151.12 m, reflected light. B. Framboidal pyrite enclosed in euhedral pyrite,
Vedsted-1, 1147.95 m, reflected light. C. Framboidal pyrite with an oxidation rim partly en-
closed by kaolin minerals, Vedsted-1, 1155.50 m, backscatter electron micrograph. D.
Framboidal pyrite with an outer oxidation rim surrounded by kaolin minerals, Vedsted-1,
1155.50 m, scanning electron micrograph. E. Euhedral pyrite with round internal dissolution
voids, possibly after framboidal pyrite, Vedsted-1, 1148.90 m, reflected light. F. Euhedral
pyrite formed around leucoxene altered ilmenite grain, Vedsted-1, 1147.95 m, reflected
light.
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Figure 6.27. Quartz diagenesis in the Haldager Sand Formation. A. Small quartz over-
growth, Vedsted-1, 1147.95 m. B. Quartz mountains merging into small overgrowth, Ved-
sted-1, 1155.50 m, scanning electron micrograph. C. Quartz mountains, Vedsted-1,
1155.47 m, scanning electron micrograph. D. Close up of C. Note that the vermicular kaolin
(arrow) seem to have inhibited the authigenic quartz growth, scanning electron micrograph.

6.6.3.4 Mineralogical changes with burial depth
An approximately diagentic sequence for the Haldager Sand Formation is presented in Fig.
5.32.

Immediately after deposition begins the first, volumetric insignifican diagenetic changes.
Abundant organic matter creates reducing and weakly acid conditions. Pyrite forms due to
the activity of sulphate reducing bacteria, and is therefore commonly associated with organ-
ic matter. The common oxidation rim on pyrite is likely to have formed in the cores, and
consequently not necessarily a diagenentic event related to burial.

Flushing by meteoric water, undersaturated by most ionic species, promotes the dissolution
of feldspar and mica and the formation of kaolin minerals (see Bjgrlykke 1993). Mica is
intensely altered and replaced by kaolin probably due to the mature detrital composition of
the sediments.
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Other authigenic phases is not identified in the Haldager Sand Formation, though calcite
cement has been described as important in the marine deposits (Nielsen and Friis 1984),
whereas this investigation has focused on the fluvio-deltaic sediments.

The general shallow burial and the mature detrital composition of the Haldager Sand For-
mation result in a less significant diagenetic imprint compared to the other reservoir sand-
stones. The mature detrital composition, with dominance of quartz, few feldspar grains and
rock fragments and very stable heavy mineral assemblage, also means that fewer unstable
grains could enter into the diagenetic reactions.

Eogenesis Mesogenesis
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——

Siderite
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Figure 6.28. Diagenetic sequence for the Haldager Sand Formation.

6.7 Mineralogical similarities and differences

The detrital mineralogy and the diagenetic alterations of the Skagerrak, Gassum and Hal-
dager Sand formations are discussed in the following.

6.7.1 The Skagerrak Formation

The proximal Skagerrak Formation deposits are immature containing a high abundance of
feldspar, heavy minerals and igneous rock fragments. A possible Norwegian volcanic
source may have supplied material to the western part of the Norwegian-Danish Basin dur-
ing deposition. K-feldspar is the dominating feldspar.

The diagenetic sequence of the Skagerrak Formation represents several diagenetic events
tied to the arid depositional environment i.e. mineral reactions related to the eogenesis in
an arid to semi-arid climate, such as iron-oxide/hydroxide coatings, hematisation, calcrete,
authigenic clay minerals dominated by illite and mixed-layer illite/smectite, carbonates and
anhydrite. Dolomite and ankerite is common whereas only rare anhydrite has been recog-
nized.

The high clay mineral abundance is partly related to its in places deep burial (higher burial
temperatures) in connection with the immature detrital composition (rock fragments, includ-
ing volcanic rock fragments, and unstable heavy minerals). Prismatic quartz outgrowths are
common in the Skagerrak Formation due to the thick clay coatings.
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6.7.2 Comparison of the Gassum and Haldager Sand Formations

The detrital mineralogy of the Gassum Formation in the eastern part of the Norwegian-
Danish Basin (Stenlille wells) resembles that of the Haldager Sand Formation with domin-
ance by quartz and low abundances of feldspar and rock fragments. Towards west feldspar
grains seem to be a more common part of the detrital mineralogy of the Gassum Forma-
tion. Mineral difference (different heavy mineral composition and K-feldspar content) could
indicate contribution from different sediment sources of the eastern and western parts of
the Gassum Formation, where high quartz amounts in the eastern part could be sourced by
a kaolinised basement for example in southern Sweden (Ahlberg et al. 2003).

The Gassum and Haldager Sand formations have almost similar diagenetic sequences and
mainly differ with the amount of authigenic phases. Dominance of quartz and stable grains
in the Haldager Sand Formation means less reactive minerals which can enter the diage-
netic reactions and lead to new authigenic minerals. Similar climate and depositional envi-
ronment results in eogenetic pyrite, siderite and kaolin formation.

6.7.3 Comparison of the hot dry deposits with the vegetated (humid) deposits

The eogenesis reflects the depositional environment to such a degree that the Gassum and
Haldager Sand formations have almost similar diagenetic sequences, though the abun-
dance differs. Both formations were deposited in a vegetated warm wet climate in fluvial,
deltaic, estuarine and shallow marine environments. In contrast, the Skagerrak Formation
was deposited in ephemeral fluvial and lacustrine environments in an arid to semi-arid cli-
mate. The diagenetic alterations are markedly different between the deposits from arid and
humid climates.

The iron-rich minerals formed in the eogenetic regime vary according to the depositional
environments, as iron-oxide/hydroxide coatings form in the arid Triassic alluvial fan, ephe-
meral fluvial and lacustrine environments, whereas siderite and pyrite are characteristic for
the humid fluvial, parallic and shallow marine deposits. Abundant organic matter in the hu-
mid vegetated sediments leads to reducing conditions, whereas the arid to semi-arid condi-
tions typically have oxidising conditions. Oxidised iron precipitates as iron-oxide/hydroxides
close to its source (altered iron silicates or Fe-Ti oxides), whereas reduced iron can be
transported longer and results in dispersed or concretionary pyrite and siderite formation.
Concretionary pyrite and siderite growth can be associated with microbial populations.

The dominating clay minerals vary between the arid deposits and the humid deposits. Kao-
lin is the dominating clay mineral in both the Gassum and the Haldager Sand formations,
whereas it occurs only in the reduced parts of the Skagerrak Formation. lllite and mixed-
layer illite/smectite are the typical clays in the Skagerrak Formation, though the abundance
of chlorite seems to increase with burial depth. In sediments rich in rock fragments and
heavy minerals (Skagerrak Formation), the pore fluid will easily become enriched by sever-
al ions. The dissolution of feldspar grains will therefore not be as intensive as in sediments
dominated by quartz and feldspar (arkoses), where the pore fluids will be diluted in respect
to most ions and consequently will be very corrosive towards the feldspar grains (Gassum
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Formation). The dominating clay mineral, associated with feldspar dissolution, is therefore
kaolin.

Authigenic albite precipitation and albitisation is generally considered a process occurring
at high temperatures (Saigal et al. 1988; Morad et al. 1990; Baccar et al. 1993), though few
authors has suggested that albite may precipitate at low temperatures in pore fluids of high
sodium concentration (Parcerissa et al. 2010). Albitisation is clearly a temperature depen-
dent (deep burial) process. Authigenic albite precipitation and albitisation are more pro-
nounced in the Gassum Formation than in the Skagerrak Formation at corresponding burial
depth. Consequently, the abundance of plagioclase may also be important, as its skeletal
remnants form excellent precipitation sites for albite. Organic matter leads to liberation of
CO; and formation of carboxylic acid in the pore fluids and thus promotes dissolution of
feldspar grains (Surdam et al. 1984). Therefore a more intensive dissolution of feldspar
grains occurs in the Gassum Formation compared to the Skagerrak Formation.

Prismatic quartz overgrowths occur in the Skagerrak Formation, whereas authigenic quartz
occurs with the morphology named ‘quartz mountains’ by Weibel et al. (2010) in shallow
samples of the Haldager Sand and Gassum formations. The pore lining clay coatings on all
detrital grains in the Skagerrak Formation inhibit authigenic quartz growth, which therefore
becomes prismatic or wider but with few contact points. The pore filling kaolin in the Gas-
sum and Haldager Sand formations has less influence on the growth of authigenic quartz
on the detrital quartz grains. Authigenic quartz therefore begins on most detrital quartz
grains, though only forming limited thin quartz overgrowths (as quartz mountains), which
eventually during deeper burial evolve into full macroquartz overgrowths (see Weibel et al.
2010).

Abundance authigenic quartz is controlled by several factors:

Burial depth.

Thickness and continuity of the pore lining chlorite, which may inhibit authigenic quartz for-
mation.

Stylolite formation and pressure solution, which sources silica for authigenic quartz forma-
tion. Pressure solution will only occur in sandstones with few ductile grains and only thin
clay coatings on the detrital quartz grains. Stylolite formation seems to be associated with
detrital mica.

Silica sources. Dissolution of feldspar liberating silica for authigenic quartz formation. Feld-
spar occurs with highest abundance in fluvial sediments.

Monocrystalline or polycrystalline detrital quartz grains’ relative abundance, as the crystal
size of authigenic quartz is related to the ‘type’ of detrital quartz grains, as larger over-
growths tend to form on monocrystalline quartz grains contrary to polycrystalline quartz
grains (Lander et al. 2008). On the other hand pressure solution is much more common in
coarse-grained sandstones with limited amounts of ductile detrital grains and detrital and
authigenic clays.

6.8 Additional reservoirs

The Mesozoic succession of the Norwegian-Danish Basin contains additional sandstones
to those described here. The upper part of the F-Il Member in the Skagerrak-Kattegat Plat-
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form consists of muddy sandstones, 20-30 m thick, deposited by coastal progradation and
ensuing transgression (Figs 5.2, 5.6; sequence Fj 4 & Fj 5). The sandstones are only well
developed northeast of the Bgrglum Fault, where they show good porosity. Thin and fine-
grained sandstones may be present in the Farsund Basin at this stratigraphic level, but are
not expected to be present in the license area except as very thin, fine-grained or silty
intercalations.

The shoreface sandstones in the lower and upper parts of the Upper Jurassic Flyvbjerg
Formation are expected from the regional geological model discussed above to show a
marked thinning from north to south and from east to west (Fig. 5.2, 5.6). This trend is also
indicated by the Felicia-1, K-1 and F-1 wells. In K-1 and F-1 the Flyvbjerg Formation con-
sists mainly of sandy mudstones, whereas ca. 12—-14 m of fine-grained, muddy sandstones
with shell fragments occur in Felicia-1 separated by 5-7 m of mudstones from the underly-
ing Haldager reservoir (Fig. 5.8). The thickness and quality of the Flyvbjerg sandstones are
expected to be best in the northeastern part of the Licence area.

On the Skagerrak-Kattegat Platform the Frederikshavn Formation contains shallow ma-
rine and fluvial sandstones which posse reservoir properties. However, the sandstones
shale out rapidly toward the basin and are not expected to be present in the licence area.

6.9 Conclusion

The focus of the investigation of mineralogical composition and the diagenetic alterations
has been directed toward the potential reservoir rocks for CO, storage in the Norwegian-
Danish Basin, which comprise the Skagerrak Formation, Gassum Formation and Haldager
Sand Formation. The investigation has indicated major differences between the three for-
mations, which influence the quality of the potential reservoirs and thus need to be evalu-
ated in detail for reservoir assessments.

The Fennoscandian Shield constitutes the major sediment source area for the sediments in
the eastern part of the Norwegian-Danish Basin. Different climate, depositional environ-
ments, transport distances and alterations lead to differences in the detrital composition.
The proximal Skagerrak Formation, which was deposited in the alluvial fans and braided
streams, has the highest content of unstable minerals, such as heavy minerals, rock frag-
ments and feldspar grains. Only minor alteration of feldspar grains occurred in the arid cli-
mate. The Gassum and Haldager Sand formations were deposited in fluvial, parallic and
shallow marine environments under a humid, wet climate. Under these conditions detrital
mineral alteration probably took place in the hinterland as well as in situ the sediment. The
Gassum and the Haldager Sand formations therefore contain more stable minerals than the
Skagerrak Formation.

During burial the porosity is reduced due to mechanical compaction and precipitation of
authigenic minerals. Dissolution of unstable minerals (formation of secondary porosity) may
counteract some of the porosity reduction. The porosity reduction in the Skagerrak Forma-
tion is mainly due to carbonate cement and clay minerals. Deep burial in places of the
Skagerrak Formation in combination with a high proportion of unstable minerals have lead
to abundant clay precipitation. The porosity changes in the Gassum Formation are influ-
enced by carbonate cement, precipitation of clay minerals, quartz diagenesis and feldspar
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dissolution. Porosity gain from feldspar dissolution is partly destroyed by authigenic phases
growing into th secondary porosity. Quartz diagenesis becomes more intensive with burial,
as pressure solution of detrital quartz leads to abundant precipitation of authigenic quartz.
The porosity reduction of the Haldager Sand Formation is due to its shallow burial mainly
related to mechanical compaction. Precipitation of clay minerals (kaolin) played an insignifi-
cant role in the porosity reduction. The Haldager Sand Formation can approximately be
considered as a shallow equivalent to the Gassum Formation.
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Appendix 1. Bulk rock XRD analyses: Bulk mineralogy of the investigated reservoir rocks.
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ST18-Gal67211 |AU 855|114 |3.8 |0.0 1.3 |65 |0.0 06 |0.0 |1.0
ST18-Gal67245 | AU 8851|123 (51 |0.0 0.9 |0.0 [0.9 04 |00 (1.9
ST18-Gal67439 |AU 783179 |19 |06 14 |41 |00 0.3 |0.0 |55
ST18-Gal67811 |AU 88.913.3 |56 |05 0.8 |0.0 |0.0 0.0 |0.0 |1.0
VE1-Ga201006 |KU 80.3 4.1 |10.4 0.1 3.9 1.2
VE1-Ga201009 |KU 81.6 |48 |9.2 0.8 3.8
VE1-Ga201010 |AU 749 13.7 |109 |19 6.3 2.4
VE1-Ga201016 |AU 76.6 |6.0 |3.3 |0.8 0.0 |5.2 |0.0 20 |0.0 |6.0
VE1-Gal77566 |AU 844153 (2.1 |49 1.0 (0.5 |0.0 0.6 |00 (11
VE1-Ga200777 |AU 56.7 |6.6 |7.7 |0.0 0.6 |78 |0.0 0.0 |0.0 [20.6
VE1-Ga201010 |AU 749 13.7 109 |19 0.0 |6.3 |0.0 0.0 |00 |24
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Haldager Sand VE1-Hal15083 |KU 93.9 |4.2 2.0
VE1-Hall5544 |KU 91.9 |5.8 2.3
VE1-Hall5550 |AU 83.2 123 (0.0 |0.6 0.0 |14 |0.0 0.0 |0.0 (25
VE1-Hal115162 AU 87.4 (8.3 |00 |1.2 0.0 (1.8 (0.0 0.0 (0.0 |1.3
FA1-Hal196816 |AU 88.9 /0.0 (0.0 |01 0.0 |0.0 (0.0 0.0 |00 (11.0
FA1-Hal196863 |AU 91.1|0.0 (0.0 |0.0 0.0 |0.0 |0.0 0.0 |0.0 (8.9
FA1-Hal196660 |AU 94.410.0 |0.0 |0.0 05 |0.0 |0.0 0.0 |0.0 |49
HA1-Hal22056 |AU 76.5]0.0 (1.8 |0.0 0.4 |0.0 (0.0 0.0 |00 (213
HA1-Hal115450 AU 849 (6.1 |00 |11 04 |16 |0.0 0.0 (0.0 |4.3

* Two different methods of quantifying the XRD results have been attempted. Samples analysed at University of Aarhus (AU) has been semi-quantified by application of correc-
tions factors determined for the applied X-ray diffractometer. Samples analysed at University of Copenhagen (KU) has been quantified by use of Rietveld refinement. The quan-
tification method using corrections numbers it a relatively fast semi-quantitative method, but has its drawback when large amounts of poorly crystalline phases are present.
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Appendix 2. Microprobe analyses

Feldspar composition measured by microprobe.

Stenlille-18

K,0
Vedsted-1

K,0

Na,O CaO
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Tables of mineralogy data

The petrographic identification of the mineralogy is based on systematic point counting of
thin sections from the Haldager Sand, Gassum and Skagerrak formations from a number of
wells situated in the northern part of Jutland north of Limfjorden. The data are not yet pub-
lished as they form part of an ongoing PhD-study, which aims at covering the potential for
geothermal energy in the Mesozoic sandstones onshore Denmark.

Petrographic data have been included from the following wells:

Haldager Sand Fm: Haldager-1, Skagen-2, Thisted-3, Vedsted-1

Gassum Fm: Thisted-3, Vedsted-1

Skagerrak Fm: Frederikshavn-1, Frederikshavn-2, Thisted-2, Thisted-4, Vedsted-1

The subdivision into formations is based on the lithostratigraphy in Nielsen and Japsen
(1991).

The mineralogy has been grouped in 15 categories summing up to 100%, whereas the
values of primary and secondary porosity are additional to the mineralogy values. The av-
erage, minimum and maximum values are included for each well. Merging has been made
of the detrital and authigenic phases of quartz and feldspar, respectively. The Ca-
carbonates comprise calcite, dolomite and ankerite. The rocks fragments are of sedimen-
tary, metamorphic, volcanic and plutonic origin. The local high amounts of heavy minerals
in the Skagerrak Fm include mainly opaque minerals. Others primarily comprise red coat-
ings of hematite besides some anhydrite and analcime. The detrital clays consist of al-
logenic clays and intraclasts.

Haldager Sand Fm: Haldager-1 well, 2 samples in the depth 1154-1219 m

2

Q S| 8|2 0| 8|5 8|8

.| 9 o E| 2| Tl 9= S | >

g | & S o | = | E Sl gl | £

Q3G o ) © S Q — i) © 2 > -cg

NIDB]| e S|2| |2l 2|8|8|&8|B|lec| &8¢

s|2 8|8 c|2) 8|82 2|8|22|2 %<8
Olxvla|lS5|O0|ln|le|T|O0|l6|lalE|E|lna|l¥|lalwv

Average | 75.6|4.4 |0.0 |3.6 |0.0 |0.0 |69 |1.0|0.0|0.0|5.2|0.0|0.0|0.0(3.3|14.7|1.7
Min 66.1/0.3 /0.0 |0.7 |0.0 |0.0 |0.0 |0.7 |0.0|0.0|2.0|0.0(0.0|0.0|2.7 |135|1.4
Max 85.0(8,5|0.0 |64 ({0.0|0.0(139|1.4|0.0|0.0|8.3|0.0(0.0|0.0|5.0]16.0|2.0
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Haldager Sand Fm: Skagen-2 well, 3 samples in the depth 434-438 m

2

0 2| = o | £ 2|8

o |E| |2|E|E ¢ | £ 5 S| 2

8| & 5 5| £ | E Slc|o g2

o | 35 2l | 8| E|o0 -1 212|2 | T

Blg| e s | E| S| 2] 5|2 S| 8| g | B | & g | €

AHEIE I IR I I A

Olxvlal|S|6|d|e|T|6|6|0lEE|G|S|E&[H

Average |59.8|4.6 |09 |86 |0.0 {19 |3.6 |[2.0 (0.0 |0.0 |13.2|0.0|0.8 |0.0 |4.8|14.0|4.0

Min 53.3/0.3 /0.0 |40 (0.0 03|20 0.7 |0.0(0.0(22.7|0.0|0.0|0.0|43 |15 (1.6

Max 63.3/9.3 |2.3 |14.7/0.0 |3.0 |6.0 {3.3 0.0 [0.0 |15.7/0.0 |2.3 |0.0 [5.3 |20.7|7.3
Haldager Sand Fm: Thisted-3 well, 2 samples in the depth 998-999 m

>

* 2| 0| o o | 2 2|8

g AR 0| 8|35 318

.| % = E| 2| g |5 S | >

s | 2 5 | £ | E S|lc| S & | g

2 5 2l o | 8| E|e - g2 £ | T

N 8|2 S| || 2|28 |8 |c|B|g| 8|S

S| o|2|8 |22 ||| 8| 2| E|E|w|2|T| €3

S| v |8 ||l |8 |o|lol|2|=s|lo|E|l2|E€E|ag| =] o0

Ol x|la|S|Oo|lb|eg|T|O0O|0|la|lE|E|n|¥| a|n

Average |71.6 (8.2 1.0 |6.3 |0.0 |0.0 [2.2 |[2.0 [0.0 |0.0 |8.3 |0.0 |0.0 [0.0 |0.3 [23.7 (2.0

Min 65.7|/6.4 |0.7 |3.7|0.0|0.0|20|1.7|0.0|0.0|7.4|0.0|0.0|0.0]|0.3|234|1.0

Max 77.6(10.0(1.3|9.0(0.0|0.0 {23|2.3]0.0|0.0(9.3|0.0|0.0(0.0(0.3(239]|29

Haldager Sand Fm:Vedsted-1 well,

3 samples in the depth 1148-1151 m

2
" a2l 0| o o | 2 2|8
¢l g8 8| |a|¥|s 2|3
z| 4| |5| |5|S/E| |&|lg|8 2%
Q| 5 2|l o| & E|0 -/ 2|/2|2 = 2
N|3|e S| E|C |2 | 2| 8|8 | s|B|l| & &
S| 28|92 |3d|z3|8|2(SE|=|e|l@|3| €83
S| | 8| 8|l |8|o|lo|2|SES|o|lE|l2|lE|ag| | o
Ol |la|S|O|lh|le|T|O0|O0O|lalE|E|ln|xXx| a|wn
Average [81.0(1.9 |1.5 |0.6 |0.0 |3.3 [0.7 |1.3 |0.0 |0.0 |7.4 |0.0 |0.2 [0.0 |2.2 |20.9|1.3
Min 77.2(0.3 0.0 {0.3|0.0({2.0(0.3(0.3({0.0(0.0(59(0.0(0.0(0.0(0.0(153/|0.0
Max 83.3|3.3 (4.1 0.7 |0.0 |55 1.0 [3.3 0.0 (0.0 |8.7 |0.0 |0.7 |0.0 |5.2 |25.3|2.8
Gassum Fm:Thisted-3 well, 12 samples in the depth 1174-1233 m
2
i 2l 0| = 0| £ 2| 8
9 S| 8| & T| o 21 9
| o8 | E IEIR: 2 o 3 S| >
a @ o o 2| E S| S| 2 2
2| 5 is] ol 8| E| o >l gl g & >| ©
Bl 3| o 1 8 £/ 2/ 25| 2] &l 8| =8| | 8|5
S| 2| 8| & | 28|82 5| 8|5 & E|lg £ 8
o] ¥« ol =] O w|lo| T O O | £ =| n| ¥ ol »
Average |62.4|9.9 ]106/0.8 /05|19 |18 |2.2|0.5|0.0 8.7 |0.0|0.3|0.0|0.520.1]0.3
Min 49.414.0 |6.0 |0.0|0.0|0.0 |0.2]0.8]0.0]0.0]0.2 |0.0|0.0|0.00.0(9.9 |0.0
Max 77.4(14.0/18.0]2.2 |4.0 |21.8[4.0 [6.4 [4.6 |0.0 [25.0/0.0 |1.4 |0.0 |3.2 |33.6[1.2
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41553 |2.0 /0.0 |0.0 0.4 |2.7 |0.7 |0.0 0.0 |0.2 |0.0 |0.0 |0.0 0.0 0.0 0.0

70.3]14.5|9.6 |12.5]|3.7 |7.7 |47 |40 ]0.0 |05 ]15.3|0.0 |6.0 |0.0 |8.3 9.0 |14.9

Gassum Fm:Vedsted-1 well, 5 samples in the depth 1776-2010 m

Average |59.1]7.9 |5.7 3.0 |16 35|36 |2.8|0.0]0.1 |79 |0.0]1.7]0.0]29|55]19
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Skagerrak Fm: Frederikshavn-1 well, 1 sample in the depth 1239 m

|Va|ues 39.3/18.7/2.7 |7.0 |0.0 |0.0 |40 |1.3 /0.0 0.0 /4.0 0.0 |0.0 |14.3]|8.7 /0.0 ]0.0
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28.7/5.0 |0.0 /|23 |17.3/0.0 6.3 2.0 0.0 0.0 |0.0|0.0|0.0|0.0 |1.0]21.3]|0.0

40.7]15.7]/0.3 |6.3 |19.7/0.0 |8.0 |[2.7 |0.0 |25.7|0.0 [0.0 |0.3 |12.7]5.3 [1.7 |0.0

30.3]/11.0/0.0 |00 |17 |0.0|7.0 |20 |0.0 |0.0 |0.0]0.0|0.0]|0.0]0.0]1.3 |0.0
58.7116.7/1.0 |0.7 |21.0|0.0 |28.3]26.7]0.0 |12.0|/0.3 |0.0 |9.3 |0.0 |5.3 |13.0]1.0

Skagerrak Fm: Frederikshavn-2 well, 2 samples in the depth 1051 m

average |34.7/10.3|0.2 |4.3 |185|0.0 7.2 |23 |0.0 [12.8]|0.0 [0.0 |0.2 |[6.3 |3.2 |1.5 |0.0

min

max

Skagerrak Fm: Thisted-2 well, 5 samples in the depth 2763-3165 m

average |43.213.3|0.3 |0.3 |79 |0.0 [14.3]|95 |0.0 |6.0 |0.1 |0.0 |4.0|0.0 |11 |49 |04

min

max
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Skagerrak Fm: Thisted-4 well, 1 sample in the depth 1238 m

|va|ues 14.7]118.3|1.3 |0.0 |49.7]0.0 |40 ]1.0)|0.0 |43 ]6.7]0.0]0.0]0.0]0.0]6.0]0.0

Skagerrak Fm: Vedsted-1 well, 1 sample in the depth 2063 m

|va|ues 64.3/12.3|1.7 |0.0 |1.3 |0.0 |6.7 |1.7 |0.0 |0.0 |[5.7 |0.0 |1.7 |0.0 |[4.7 1.7 ]0.3
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7. Reservoir evaluation and parameters

This section deals with an assessment of the reservoir parameters characterizing the
Skagerrak, Gassum and Haldager Sand Formations within the Danish part of the Eastern
North Sea, Skagerrak, Kattegat and the Northern part of Jutland. The evaluation is based
on well log data and core analysis data from selected Danish and Norwegian wells. The
parameters are presented in tables below. Comments on each parameter along with addi-
tional geological and technical information are given in the following text.

7.1 Wells analysed

The following wells have been evaluated:

Haldager Sand Fm.: F-1x, K-1x, J-1x, Felicia-1.

Gassum Fm.: F-1x, K-1x, J-1x, Felicia-1, Inez-1, Bgrglum-1, Thisted-1, Mors-1, Terne-1,
Ronde-1 and Vedsted-1.

Skagerrak Fm.: F-1x, K-1x, J-1x, Felicia-1A, Thisted-2, Mors-1, Seeby-1 and Hans-1.

The subdivision into formations is based on the lithostratigraphic subdivision given in Niel-
sen and Japsen (1991).

7.2 Temperature model

The determination of the temperature is based on a surface temperature of 8°C and a tem-
perature gradient of 30°C/km; this model is normally considered applicable to the Danish
onshore area. The temperature is thus calculated as:

Onshore DK: Approximate temperature (in Centigrade) = 0.030*Depth (in metres) + 8°C.
For comparison it may be mentioned that corresponding offshore temperatures are slightly
higher within certain areas, e.g. for the Danish Central Graben (DCG) area:

Offshore DCG: Approximate temperature (in Centigrade) = 0.036*Depth (in metres) + 8°C

7.3 Salinity model

The salinity of the formation water has been measured in the wells Thisted-2, Farsg-1,
Aars-1, Stenlille-1, Gassum-1, and Margretheholm-1. Generally, the analysed data reflect
the composition of formation waters produced during well tests. The salinity may be esti-
mated on the basis of these measurements, utilising Salinity versus Depth trends, as e.g.
presented by Laier (1989). Furthermore, information from Pickett plots (example in Figure
7.1) combined with general geological information, e.g. subsidence history and/or the pres-
ence of Triassic / Zechstein salt, has been used in estimating salinity. The relations listed
below are suggested for estimating the formation water salinity when considering the Dan-
ish onshore area. The first equation is derived from Laier (1989); the remaining three equa-
tions are calculated by the author:

Salinity (in Mol CI") = 0.00152*Depth (in metres) + 0.62 Mol/l
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Salinity (in g/l CI") = 0.054*Depth (in metres) + 22 g/l
Salinity (in ppm CI) = 54.0*Depth (in metres) + 22,000 ppm
Salinity (in ppm NaCl) = 75.6*Depth (in metres) + 28,000 ppm.

7.4 Thicknesses of reservoir sandstones

The following cut-offs have been applied prior to calculating thicknesses:
Net sand: 30% Vshale cut-off.
Net reservoir: 30% Vshale cut-off and 15% porosity cut-off.

7.5 Porosity determination

Initially, a petrophysical evaluation of relevant well logs was carried out and then calibrated
to core analysis data, if available. The porosity has normally been determined from a shale-
corrected density log (information about the shale content is provided by the GR log). Ex-
ceptions are the Bgrg-lum-1, Vedsted-1 and Terne-1 wells, as no density logs were ac-
quired in these wells. The porosity evaluation is based either on the resistivity log (Bar-
glum-1; Vedsted-1) or the sonic log (Terne-1). The porosity values listed in the tables refer
to the average porosity of the net sand and the net reservoir, respectively.

7.6 Permeability estimates

So far no porosity-permeability model has been published for the various formations within
Danish part of the UiO-GEUS study area. GEUS is currently compiling data on porosity-
permeability relations in order to establish a well-constrained database that will be pub-
lished when ready. For the present study, GEUS compiled a number of porosity-
permeability data assumed to be representative of the eastern North Sea — Skagerrak —
Kattegat — N. Jutland areas (Fig. 7.2). The database consists of porosity and permeability
measurements available from a number of Danish onshore wells located in the Northern
part of Jutland, one Zealand well (Stenlille-13) along with two Norwegian wells (9/2-1 and
9/2-2). In order to ensure a reasonably large and representative database, data from four
formations are included in plot: the Skagerrak Fm (Danish part), Gassum Fm and Haldager
Sand Fm plus the Norwegian Sandnes Formation. On the basis of this regional database,
the following relationship between porosity and permeability is suggested:

Permeability =1,000,000 - ( Porosity )°-8277

where the permeability is in mD and the porosity is in fraction. The assumed correlation
between porosity and permeability can thus be expressed by a power function. The data
points plotted in Figure 7.2 are rather scattered — some the outliers are, however, related
to shaly sand lithology (low perm.) or fractured plugs (high perm.). The use of a functional
equation ("regression line") for modelling permeabilities implies that modelled permeabili-
ties may deviate significantly from permeabilities measured on core plugs. Also on a local
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scale, the actual and modelled permeability levels may deviate, due to e.g. uplift or atypical
sediment source.

7.6.1 Log-derived permeability

The permeability has not been logged, but the equation listed above provides a reasonable
link between log-porosity and permeability. This relationship forms the basis of calculating
log-derived permeabilities using the log-porosities, i.e. the porosities interpreted from the
well log data, as input data. Log-derived permeabilities are to be used in the Petrel model-
ling work, primarily because the amount of core permeability measurements is (very) lim-
ited.

A log-derived permeability value is an acceptable permeability estimate, but it may be as-
sociated with rather large uncertainty.
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Tables of reservoir parameters

Haldager Sand Fm. Net sand cut-off(s): 30% Vshale cut-off, no porosity
cut-off

Well F-1x K-1x J-1x Felicia-1
Depth (m), ¢ 1800 1400 1100 1000
Temperature, deg.C 62 50 41 38
Salinity (ppm NacCl) 150,000 130,000 110,000 100,000
Gross thickness (m) 48 14 19 34

Net sand thickness 24 12 3 21

(m)

Net-to-gross 0.50 0.86 0.16 0.62
Net Porosity, avg. 26.4 28.6 26 29.8
(%)

Estimated Perm. 400 650 375 825
(mD)

Haldager Sand Fm Net reservoir cut-off(s): 30% Vshale cut-off and 15%
porosity cut-off

Well F-1x K-1x J-1x Felicia-1
Gross thickness (m) 48 14 19 34

Net reservoir thick- 23 115 3 21
ness (m)

Net-to-gross 0.48 0.82 0.16 0.62
Net Porosity, avg. 26.7 29.6 26 30.0
(%)

Estimated Perm. 440 800 375 850
(mD)

Formation: Gassum Fm: Net sand cut-off(s): 30% Vshale cut-off, no poros-

ity cut-off

Well F-1x K-1x J-1x Felicia-1
Depth (m), c. 2100 2000 1800 1600
Temperature, deg.C 71 68 62 56
Salinity (ppm NacCl) 175,000 175,000 160,000 150,000
Gross thickness (m) 76 67 72 230

Net sand thickness 37 a7 54 98

(m)

Net-to-gross 0.49 0.70 0.75 0.30
Net Porosity, avg. 18.7 22.9 19.4 Poor logs
(%)

Estimated Perm. 55 175 70 N/A
(mD)
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Formation: Gassum Fm: Net sand cut-off(s): 30% Vshale cut-off, no poros-

ity cut-off
Well
Depth (m), c.

Temperature, deg.C
Salinity (ppm NacCl)
Gross thickness (m)
Net sand thickness

(m)
Net-to-gross
Net Porosity,
(%)

Estimated
(mD)

Barglum-1
1450
51

140,000

115
91

0.79

28.2

600

Thisted-1 Mors-1
800 2800

32 92
90,000 240,000
125 167

59 127
0.47 0.76
26.8 13.6
450 10

Inez-1
1700

60
150,000
71

37

0.52
21.1

110

Formation: Gassum Fm: Net sand cut-off(s): 30% Vshale cut-off, no poros-

ity cut-off
Well
Depth (m), c.

Temperature, deg.C
Salinity (ppm NacCl)
Gross thickness (m)
Net sand thickness

(m)
Net-to-gross
Net Porosity,
(%)

Estimated
(mD)

Seaeby-1
1100
41

110,000

88
9.5

0.11
23.3

200

Terne-1*

1200 2700
44 90
120,000

133 140
100 31
0.75 0.22
15.0 12.9
15 6

160,000

Ronde-1

Vedsted-1
1900

65
170,000
288

109

0.37
23.0

190

* Compare to well Hans-1; in Hans-1 the Gassum Fm is located too shallow (296-666m

MD) for CO2 injection.

Gassum Fm: Net reservoir cut-off(s): 30% Vshale cut-off and 15% porosity

cut-off
Well

Gross thickness (m)
Net reservoir thick-

ness (m)
Net-to-gross
Net Porosity,
(%)

Estimated
(mD)

108

F-1x
76
31

0.41
20.4

90

K-1x
67
44

0.66
23.7

220

J-1x
72
48

0.67
20.1

85
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Gassum Fm: Net reservoir cut-off(s): 30% Vshale cut-off and 15% porosity
cut-off

Well Barglum-1 Thisted-1 Mors-1 Inez-1
Gross thickness (m) 115 125 167 71
Net reservoir thick- 89 58 49 32
ness (m)

Net-to-gross 0.77 0.46 0.29 0.45
Net Porosity, avg. 28.6 27.0 21.8 22.7
(%)

Estimated Perm. 650 470 130 170
(mD)

Gassum Fm: Net reservoir cut-off(s): 30% Vshale cut-off and 15% porosity
cut-off

Well Seeby-1 Terne-1 Rende-1 Vedsted-1
Gross thickness (m) 88 133 140 288

Net reservoir thick- 9 57 15 98

ness (m)

Net-to-gross 0.10 0.43 0.11 0.34

Net Porosity, avg. 23.4 17.7 15.1 24.1

(%)

Estimated Perm. 200 40 15 240
(mD)

Skagerrak Fm: Net sand cut-off(s): 30% Vshale cut-off, no porosity cut-off

Well F-1x K-1x J-1x Felicia-1A
Depth (m), c. 2200 2100 1800 2800
Temperature, deg.C 75 70 65 95
Salinity (ppm NaCl) 175,000 175,000 165,000 200,000
Gross thickness (m) >267 >200 >183 2281

Net sand thickness - - - 326

(m)

Net-to-gross - - - 0.14

Net Porosity, avg. Fm not Fm not Fm not Poor logs
(%)

Estimated Penetrated Penetrated penetrated N/A

(mD)
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Skagerrak FmNet sand cut-off(s): 30% Vshale cut-off, no porosity cut-off

Well Thisted-2 Mors-1 Seeby-1 Hans-1
Depth (m), c. 2800 4500 1300 1000
Temperature, deg.C 92 140 47 38
Salinity (ppm NacCl) 240,000 250,000 125,000 100,000
Gross thickness (m) 1682 1500 538 1119
Net sand thickness 1036 452 336 276
(m)

Net-to-gross 0.62 0.30 0.62 0.25
Net Porosity, avg. 9 1 15.0 9

(%)

Estimated Perm. 1 0.01 15 1
(mD)

Skagerrak Fm Net reservoir cut-off(s): 30% Vshale cut-off and 15% porosi-

ty cut-off

Well Thisted-2 Mors-1 Seeby-1 Hans-1
Gross thickness (m) 1638 1500 538 1119
Net reservoir thick- 227 0 175 46
ness (m)

Net-to-gross 0.14 0 0.33 0.04
Net Porosity, avg. 18.0 - 20.8 21.8
(%)

Estimated Perm. 45 - 100 135
(mD)
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Figure 7.1: Pickett plot for the Gassum Formation in the Inez-1 well. Reservoir depth c.
1700m; reservoir temperature c. 60°C. The formation water resistivity is about 0.03 ohmm
corresponding to a salinity of ¢. 150,000 ppm NacCl. PHIE: Effective porosity as interpreted
from the log data, LLD: deep-reading resistivity log (LateroLog).
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Porosity-Permeability relationship
Skagerrak, Gassum, Haldager Sst. and Sandnes Formations
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Figure 7.2: Suggested porosity-permeability relationship for the Danish part of the study
area and parts of the Norwegian area (black curve). Two additional curves are included for
comparison: the red curve represents a local model (the Gassum Fm at the Stenlille gas
storage area, Zealand) and the green curve represents a regional model valid for the Dan-
ish onshore area south of the Fjerritslev fault. The red and green curves are, in general, not
considered representative of the UiO-GEUS study area. The trend line in black colour is
based on core analysis data from selected Danish and Norwegian wells. Data from four
formations are included.
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8. Biostratigraphic and palynofacies analyses of se-
lected parts of the Iku/Sintef core 13/1-U-1

8.1. Biostratigraphy

A total of 17 samples representing the interval from 196 to 121 m were selected for analy-
sis in order to establish a well-documented biostratigraphic subdivision of this part of the
succession to support the sequence stratigraphic breakdown and the regional geological
model. Based on sedimentological core description and correlation to Danish well sections
this interval was assumed to represent the upper Lower Jurassic, Middle Jurassic and the
lowermost Upper Jurassic. The resulting palynological data is discussed below.

Several palynological studies of the Lower to Middle Jurassic succession in the Danish
Basin and nearby areas (Scania, Bornholm, North Germany) (e.g. Nilsson 1958; Lund
1977; Hoelstad 1985; Guy-Ohlson 1986; Dybkjaer 1988, 1991; Koppelhus 1991; Koppelhus
and Nielsen 1994; Koppelhus and Batten 1996) has resulted in a solid miospore zonation.
The dinocyst zonation erected for the British Lower and Middle Jurassic (Woolam and Rid-
ing 1983; Riding and Thomas 1992) has proven very useful for the Norwegian-Danish Ba-
sin, with a few additional zones and subzones included (Koppelhus and Nielsen 1994;
Poulsen 1996). The studied succession from the N-13/1-U-1 core has been subdivided
using the established miospore- and dinocyst zonation.

8.1.1. Miospore zones

8.1.1.1 Chasmatosporites Zone (Koppelhus and Nielsen 1994)

Occurrence: ?195.34 m (lowest sample studied) to 154.55 m.

Base: where the assemblages become rich in Chasmatosporites and Corollina torosus,

and where Cerebropollenites macroverrucosus is present. The base is not reached in the
present study.

Top: below a distinct increase of Spheripollenites and the first appearance of Leptolepid-
ites.

Characteristics: abundance of different species of Chasmatosporites (especially C. hians
and C. major) and presence of Corollina torosus, Cerebropollenites thiergartii and C.
macroverrucosus.

Suggested age: Pliensbachian.

8.1.1.2 Spheripollenites - Leptolepidites Zone (Dybkjaer 1991)

Occurrence: 154.55 m to 142.0 m

Base: at a distinct increase in Spheripollenites and the first appearance of Leptolepidites
and/or Ischyosporites.
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Top: immediately below a distinct increase in Perinopollenites elatoides and a decrease in
Spheripollenites psilatus.

Characteristics: abundant Spheripollenites and Corollina. Presence of Leptolepidites and/or
Ischyosporites. In the boreholes studied by Dybkjeer (1991) the species Manumia delcourtii,
Staplinisporites caminus, Klukisporites and Clavatipollenites hughesii appear within this
zone but in the present study these species appear in the upper part of the underlying
zone.

In the middle part of the basin this zone is further characterised by the occurrence of sev-
eral taxa of dinoflagellate cysts, prasinophycean algae and acritarchs. In the succession at
Bornholm, which represents the more marginal parts of the basin, hardly any marine paly-
nomorphs were recorded, while freshwater algae, especially Botryococcus, are common
(Koppelhus & Nielsen 1994). The palynomorph assemblage recorded from this zone in the
N-13/1-U1 well corresponds closely to the assemblage from Bornholm, indicating a corre-
sponding marginal position in the basin.

Suggested age: Toarcian (Dybkjeer 1991)

8.1.1.3 Perinopollenites elatoides Zone (Dybkjser 1991)

Occurrence: 142.0 m to 139.60 m

Base: at a distinct increase in abundance of Perinopollenites elatoides and a concurrent
decrease in Corollina and Spheripollenites.

Top: not defined.

Characteristics: dominance of Perinopollenites elatoides and a relatively low abundance of
Corollina torosus and of bisaccate pollen.

Suggested age: Middle Jurassic.

The upper part of the studied interval cannot be referred to any of the established miospore
and dinocyst zonations due to the lack of diagnostic spores and pollen and the absence of
dinoflagellate cysts.

8.1.2. Dinoflagellate cyst zones

8.1.2.1 Mendicodinium reticulatum Zone (Koppelhus and Nielsen1994)

Occurrence: ?195.34 m (lowest sample studied) to 182.50 m.

Base: first appearance of Mendicodinium reticulatum. Younger palynomorphs such as
Luehndea spinosa and Nannoceratopsis spp. are lacking. The base is not reached in the
present study.

Top: first appearance of either Luehndea spinosa or Nannoceratopsis spp.

Suggested age: Early to early late Pliensbachian (Morgenroth 1970; Koppelhus and Nielsen
1994).
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8.1.2.2 Luehndea spinosa Total Range Biozone (Woollam and Riding 1983, emended
Riding and Thomas 1992)

Occurrence: 182.50 m to 165.87 m.

Base: first appearance of Luehndea spinosa. Mancodinium semitabulatum, Nannoceratop-
sis gracilis, Scriniocassis weberi and Valveodinium armatum appear within this zone.
Suggested age: Late Pliensbachian to earliest Toarcian (Riding and Thomas 1992).

8.1.2.3 Luehndea spinosa Total Range Biozone (Woollam and Riding 1983, emended
Riding and Thomas 1992) or Nannoceratopsis gracilis Interval Biozone (Woollam and
Riding 1983, emended Riding and Thomas 1992)

Occurrence: 165.87 m to 146.37 m.

The characteristics and the stratigraphic range of the Luehndea spinosa Zone is discussed
above. The base of the Nannoceratopsis Zone is defined by the presence of several spe-
cies of Nannoceratopsis and a dominance of Nannoceratopsis. The Nannoceratopsis Zone
is referred to the Early Toarcian to Early Bajocian (Riding and Thomas 1992).

This interval is referred to either the Luehndea spinosa Zone or the Nannoceratopsis
Zone on the basis of the occurrence of Luehndea spinosa, Nannoceratopsis senex and N.
gracilis at 165.87m, the lack of these species above this level and the sporadic occurrences
of Mancodinium semitabulatum and Scriniocassis weberi at 148.03 m (Riding and Thomas
1992; Koppelhus and Nielsen 1994). The referring of this interval to the upper part of the
Chasmatosporites Zone and to the Spheripollenites - Leptolepidites Zone further supports a
correlation to either the Luehndea spinosa Zone or the Nannoceratopsis Zone (e.g. Kop-
pelhus and Nielsen 1994). The lack of Luehndea spinosa as well as Nannoceratopsis
among the few dinocysts present in the samples at 162.95 m, 148.03 m and 146.37 m may
be due to environmental factors unfavourable for those taxa.

No dinocysts were recorded from the sample at 154.55 m and in the interval between the
samples at 146.37 m and 121.95 m.

8.1.3. Biostratigraphic conclusions, this study

The stratigraphically most important bioevents (first appearance datums, FAD’s, last occur-
rence datums, LOD’s, and consistent, common or frequent occurrences) were determined.
The chronostratigraphic subdivision shown in the rightmost column in the enclosure and
discussed below is based on these events. The results have been integrated with the se-
quence stratigrapic framework previously established for the eastern Norwegian-Danish
Basin (Nielsen 2003) for strengthening of the geological model of the area.

8.1.3.1 195.34 m —-185.35 m: Lower and/or Upper Pliensbachian.
The presence of Mendicodinium reticulatum in the lowermost sample, at 195.34 m, strongly
indicates an age not older than Pliensbachian (Morgenroth 1970; Koppelhus and Nielsen 1994)

8.1.3.2 182.50 m — 154.55 m: Upper Pliensbachian.
The first appearances of Luehndea spinosa, Mancodinium semitabulatum and Nannocera-
topsis gracilis at 182.50 m strongly indicate an age not older than Late Pliensbachian (Rid-
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ing and Thomas 1992; Poulsen 1996; Bucefalo Palliani and Riding 2000). The last occur-
rence of Luehndea spinosa at 165.87 m indicates a Late Pliensbachian or earliest Toarcian
age (Riding and Thomas 1992). The common occurrence of Chasmatosporites up to
154.55 m, defining the presence of the Chasmatosporites Zone, indicates an age not
younger that the Pliensbachian (Koppelhus and Nielsen 1994).

8.1.3.3 154.55 m — 142.22 m: Lower Toarcian.

The common occurrence of Spheripollenites spp. at 154.55 m and the frequent occurrence
in the samples at 144.66 m and 142.22 m strongly indicate an Early Toarcian age. Abun-
dance of small, spherical, psilate to subgranulate bodies (here referred to Spheripollenites)
is a well-documented characteristic of the Lower Toarcian in widespread areas (e.g. Eng-
land: Wall 1965; Bucefalo Palliani et al.1998, 2000, Germany: Wille 1982; Loh et al. 1986;
Prauss et al. 1991, East Greenland: Lund and Pedersen 1985, Denmark: Dybkjaer 1991;
Koppelhus and Nielsen 1994, northern North Sea: Charnock et al. 2001), known to be co-
incident with a widespread Total Organic Carbon (TOC) maximum in the lower part of the
H. falciferum Ammonite Zone (Bucefalo Palliani, Mattioli and Riding 1998). The TOC maxi-
mum is possibly related to an anoxic event resulting from stratification of the water masses
connected with the Early Toarcian marine flooding (named MFS 15 by Nielsen 2003). See
further discussion in Dybkjeer (1991, p.39) and Bucefalo Palliani and Riding (2000).

The small spherical bodies have been interpreted as sphaeromorph acritarchs (Char-
nock et al. 2001), pollen of either Inaperturopollenites (Wall 1965; Wille 1982) or Spheripol-
lenites (Lund and Pedersen 1985; Dybkjeer 1988, 1991, Koppelhus and Nielsen 1994 and
herein) and Prasinophycean algae of the species Halosphaeropsis liassica (Madler 1963,
see further Bucefalo Palliani and Riding 2000).

A Toarcian age is supported by the first appearances of Leptolepidites major and Is-
chyosporites variegatus at 154.55 m and of Callialasporites turbatus, Leptolepidites bossus
and Neoraistrickia gristhorpensis at 146.37 m (Batten and Koppelhus 1996).

8.1.3.4 141.55 m — 128.18 m: mid-Bajocian and/or Bathonian.

The first appearance of Leptolepidites equatibossus at 134.95 m indicates an age not older
than the mid-Bajocian, while the occurrence of Quadraeculina anellaeformis at 141.55 m
and of Chasmatosporites apertus at 128.18 m indicate an age not younger than Bathonian
(Batten and Koppelhus 1996).

8.1.3.5 121.95 m: Middle Oxfordian — Kimmeridgian.

The occurrences of Glossodinium dimorphum and Cribroperidinium globatum group indi-
cate an age not older than Middle Oxfordian (Riding 1987; Riding and Thomas 1992). The
occurrence of Endoscrinium luridum at 114 m according to IKU/Sintef indicates an age not
younger than the Kimmeridgian (Riding and Thomas 1992).

8.1.4. Comparison between the stratigraphic conclusions of the present study and
the IKU/Sintef-report

A comparison of the stratigraphic conclusions in the IKU/Sintef report and those of the pre-
sent study are shown in figure 8.1.
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- The present study narrows the possible age of the interval from 182.5 m to 154.55 m to
the Late Pliensbachian rather than a broad Late Sinemurian to Late Pliensbachian age as
indicated by IKU/Sintef.

- Strong evidence for an Early Toarcian age of the interval between 154.55 m and 142.22
m is presented in the present study, while no indications of Aalenian deposits were found.
A mid-Bajocian and/or Bathonian age are suggested for the interval 141.55 m — 128.18 m.
IKU/Sintef indicates an undifferentiated Toarcian — Aalenian age of the interval from 159.2
m — 124.32 m.

- According to IKU/Sintef the Lower/Middle Jurassic transition is located around 123.15 m.
This transition is located around 142 m according to the present study.

- There is a general agreement to a Middle Oxfordian — Kimmeridgian age of the deposits
around 122 m. Studies of more samples from this level could possibly narrow the sug-
gested stratigraphic relationship.

Some of the explanations for these discrepancies may be that the only dinocyst taxa re-
corded by IKU/Sintef in the interval below 142.51 m is Nannoceratopsis sp. In the present
study additional stratigraphically very useful dinocyst species (e.g. Mendicodinium reticula-
tum and Luehndea spinosa) were recorded. Furthermore, the IKU/Sintef report does not
show abundance variations in the range chart for spores and pollen and does not mention
abundance of Spheripollenites in any samples.

8.2 Palynofacies

The assemblage of organic sedimentary particles (the palynofacies) was studied in 7 sam-
ples from the interval from 182.50 m to 134.95 m in order to add information to the interpre-
tation of the depositional environment and to aid in the identification and characterisation of
the Lower Toarcian. A minimum of 500 organic sedimentary particles were referred to one
of the following five categories; amorphous organic matter (AOM), black wood (carbonised
wood fragments), brown wood, cuticles and membranes, and palynomorphs. Then a mini-
mum of 200 palynomorphs was referred to one of the groups: microspores, non-saccate
pollen, bisaccate pollen, freshwater algae, acritarchs, dinoflagellate cysts and other marine
algae. The environmental indications of these groups are summarised in table 1 and 2 in
Rasmussen & Dybkjeer (2005) and the results are presented in fig. 10.2. Tyson (1995)
gives a thorough discussion of the use of organic sedimentary particles as indicators of
palaeoenvironments.

8.2.1. General description

The organic sedimentary particles are dominated by brown wood and terrestrial palyno-
morphs (mainly bisaccate and non-saccate pollen). The two lowermost and the two upper-
most samples (182.50 m, 162.95 m, 141.55 m and 134.95 m) are dominated by brown
wood, while the three middle samples (146.37 m, 144.66 m, 142.76 m) are dominated by
terrestrial palynomorphs. In the sample at 141.55 m no less than 90% of the organic sedi-

GEUS 117



mentary particles are brown wood particles and the black wood particles show a coinciding
maximum of 6%.

The palynomorphs are dominated by non-saccate pollen, except for the sample at 134.95
m, which is dominated by microspores, especially Deltoidospora toralis (Enclosure 3).
Dinoflagellate cysts only occur in the lower three samples (182.50 m, 162.95 m, 146.37 m).
Acritarchs comprise 12% of the palynomorphs in the lowermost sample and occur up to
144.66 m. No marine palynomorphs were recorded from the samples in the interval 142.76
m to 134.95 m - that is if the small, round spheres here referred to Spheripollenites (a pol-
len genus) are not interpreted as marine algae as suggested by Bucefalo Palliani and Rid-
ing (2000).

8.2.2. Interpretation

Generally the high influx of wood particles and terrestrial palynomorphs in all the studied
samples indicate a marginal marine to non-marine depositional environment.

The strong dominance of wood particles and terrestrial palynomorphs in the lower two
samples (182.50 m, 162.95 m) combined with the occurrence of acritarchs and dinocysts
strongly indicate a near-shore, shallow marine environment with a high influx of terrestrial
organic matter and a relatively high energy level.

The increase in relative abundance of palynomorphs in the three middle samples proba-
bly reflects a change towards a lower energy environment compared with the samples be-
low. The occurrence of a few dinocysts in the samples at 146.37 m and 144.66 m and of a
few acritarchs in the sample at 142.76 m (see Enclosure 3) indicates that the depositional
environment continuously were marine.

The sudden increased relative abundance of AOM in the sample at 144.66 m indicates
anoxic to dysoxic conditions at the seafloor (e.g. Tyson 1995). A corresponding peak in
relative abundance of AOM was also recorded by Dybkjeer (1991) in the Lower Toarcian of
the Stenlille-1 well and was related to the Early Toarcian marine flooding. The lack of dino-
cysts in this sample and in the sample at 142.76 m, may be related to the widespread dy-
soxic or anoxic conditions being unfavourable for the dinocysts and resulting in a distinct
turnover in the dinocyst assemblage, see further discussion in Bucefalo Palliani and Riding
(2000).

The strong dominance in the sample at 141.55 m of brown wood particles combined with
the maximum of black wood particles strongly indicates a well-oxygenated, high energy
depositional environment. The lack of marine palynomorphs indicates a non-marine deposi-
tional environment.

The spores referred to Deltoidospora toralis, which totally dominate the palynomorphs in
the samples at 134.95 m, represent ferns. The majority of ferns that have been found in
European Jurassic floras are considered to be part of moist lush vegetation, often occurring
near river banks (e.g. Van Konijnenburg-Van Cittert 1984; Van Konijnenburg-Van Cittert
and Van der Burgh 1989, see further Abbink 1998). This sample thus probably represents a
floodplain environment.
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8.2.3. Palynofacies summary

182.50 m: shallow water, near-shore marine. High influx of terrestrial organic matter. Rela-
tively high energy-level.

162.95 m: shallow water, near-shore marine. High influx of terrestrial organic matter. Rela-
tively high energy-level.

146.37 m: near-shore marine, low energy. High influx of terrestrial organic matter.

144.66 m: possibly marine, anoxic to dysoxic, low energy. High influx of terrestrial organic
matter.

142.76 m: possibly marine, low energy, well-oxygenated. High influx of terrestrial organic
matter.

141.55 m: non-marine, well-oxygenated, high energy depositional environment.

134.95 m: non-marine, well-oxygenated, high energy depositional environment. Possibly a
floodplain environment.
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Figure. 8.1. Biostratigraphic subdivision of N-IKU 13/1-U-1 according to IKU/Sintef Group
and according to GEUS, respectively.
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Figure. 8.2. Relative abundance of organic sedimentary particles and palynomorphs.
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9.0 Neogene uplift and exhumation

This section aims to present an integrated interpretation of the magnitude of Cenozoic ex-
humation in Denmark. The results may be applied by correcting the present day burial
depth for Neogene uplift when the quality of the potential reservoirs is predicted in undrilled
area. The study combines “thermal history reconstruction”, based on apatite fission track
analysis (AFTA) and vitrinite reflectance (VR) (e.g. Green et al. 2002) with exhumation
studies based on sonic velocities and stratigraphic considerations (e.g. Japsen 1998, 2000;
Japsen & Bidstrup 1999; Petersen et al. 2003; Japsen et al.2007). In particular the estima-
tions are based on new AFTA data from eight Danish wells (e.g. from the Felicia-1 well;
Green 2005). The results underline the advantages of exhumation studies based on pa-
laeo-thermal and sonic data, and especially the benefits of integrating information from both
approaches.

Table 1 shows the estimated amount of removed section and the estimated time of maxi-
mum burial for 8 wells based on thermal and sonic data: Ars-1, Bgrglum-1, Farsg-1,
Felicia-1, Gassum-1, Hans-1, Seeby-1 and Tgnder-2,-3. Maximum burial of the Mesozoic
succession occurred during the Cenozoic apart from the Hans-1 well where maximum bur-
ial of the pre-mid-Cretaceous section occurred during mid-Cretaceous time.

The map in Figure 1 shows the amount of section removed during the Cenozoic in the
study area based on a revision of the work reported by Japsen & Bidstrup (1999). Com-
pared to their values the following values have now been estimated: Ars-1 600 m, Bar-
glum-1 700 m, Farsg-1 600 m, Frederikshavn-1 750 m, Gassum-1 600 m, Hans-1 1000 m,
J-1 800 m (based on basin modelling with a lower geothermal gradient than the previous
estimate), Saeby-1 700 m, Terne-1 700 m (based on sonic data for the Skagerrak Fm), and
T@nder-2,-3 200 m.

The map furthermore indicates the time of Cenozoic maximum burial:

1) In most of the area maximum burial occurred prior to late Neogene erosion. According to
the AFTA data from Ars-1, Farsg-1 and Gassum-1 onset of cooling occurred between 10
and 5 Ma. The presence of mid and late Miocene deposits in parts of the exhumed area
indicates that the uplift occurred very late, probably at 5 Ma or even later i.e. during the
Pliocene.

2) In the northern part of the area maximum burial occurred during the mid-Cenozoic (c. 25
Ma) based on the interpretation of AFTA data from the Hans-1 well, which suggest onset of
cooling between 30 and 20 Ma. The constraints on the timing are poorer in the Felicia-1, 1A
well, where the AFTA data suggest cooling between 45 and 20 Ma (Green 2005). The
Felicia-1, -1A is located closely east of the Licence and closely southeast of the Farsund
Basin, which contains the Lower Jurassic potential source rocks. Based on regional con-
siderations it is likely that Early Oligocene delta and shelf deposits made up a substantial
part of the section that was removed at the location of Felicia-1. It is thus assumed that the
maximum burial at the Felicia-1, 1-A well occurred in the late part of the time period from 45
to 20 Ma. In the Hans-1 well cooling took place in Late Oligocene time and the cooling
phase in both wells probably corresponds to the Late Oligocene hiatus that is recognised in
wells and outcrops in the Danish Basin.
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The time of maximum burial southwest of the Licence area at the F-1 and K-1 wells is not
well constrained due to the lack of AFTA data, but in the area where the Oligocene wedges
are likely to have been removed by erosion, the maximum burial is likely to have occurred
around 25 Ma.
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Gassum 1
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Cenozoic exhumation| (] e — ’ oy
L | Contour interval 250 m ﬁ ~ =L g ; 55°N
100 km %C) Tonder-2,-3 ) V Go
] 1 b o o~ 1 .

Maximum burial
I:I Late Neogene * Well data
- Mid-Cenozoic @ Well data with AFTA

Figure. 9.1. The map shows the estimated thickness of the section removed during Ce-
nozoic exhumation based on numbers given by Japsen & Bidstrup (1999) with the modifi-
cations provided in this note (see Table 1). Maximum burial of the Mesozoic sediments
(which contains the potential source rocks) generally occurred in late Neogene time in the
areas south and west of the area where Oligocene wedges are prograding southwards
from Norway based on the results from the Ars-1, Farsg-1, Gassum-1 and Tgnder-2, -3
wells. North and east of this area where the Chalk is deeply eroded or absent, the maxi-
mum burial is assumed to have occurred during the mid-Cenozoic as indicated by the
presently available AFTA data from the Felicia-1, -1A, Bgrglum-1 and Hans-1 wells.
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Figure.9.2.
chore; the western part shows preserved thickness while the isochore in the eastern part of
the map is reconstructed based on estimates constrained by the total amount of section

removed by exhumation (Table 1, Fig.1). The right figure shows Late Oligocene general
paleogeography.
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9.1. Discussion

9.1.1. Reservoirs

Very limited direct information on the reservoir properties of the Upper Triassic—Lower Ju-
rassic Gassum and the Middle Jurassic Haldager reservoirs are available from the Farsund
Basin. Both reservoirs are proved to be present regionally and are expected to be present
in the Farsund Basin sealed by Lower Jurassic and Upper Jurassic mudstones, respec-
tively. Both reservoirs are present in much of the Norwegian-Danish Basin with fair to good
porosities except over significant salt structures where the reservoirs are absent.

9.1.2 Cap rocks

The Gassum reservoir is overlain by laterally consistent, thick marine mudstones of the
Fjerritslev Formation. Sandstone/siltstone stringers are present in the Fjerritslev Formation
at several stratigraphic levels in Danish wells with increasing number and thickness toward
the eastern and northern basin margins. Thin fine-grained shoreface sandstones formed
during short-lived regressive events occur within the Lower Jurassic marine mudstones in
the Fjerritslev Trough and Skagerrak-Kattegat Platform. The events can be traced relatively
deep into the basin as thin silty intercalations in the mudstones. The sandstones are also
expected to be present in the Farsund Basin. Their influence on seal capacity over the
Gassum reservoir may be significant.

The Haldager reservoir is overlain by marine mudstones of the Flyvbjerg and Bgrglum
formations. Sandstones are present in the lower and upper part of the Flyvbjerg Formation
in places (e.g. Felicia-1, Fig. 5.8). Their thickness and grain size are expected to increase
to north and east in the study area, where they locally may form an additional reservoir
section. The middle part of the Flyvbjerg Formation is expected to be dominated by marine
mudstones with some seal capacity, and the Flyvbjerg Formation it self is overlain by thick
and regional continuous, marine mudstones of the Bgrglum Formation.

9.1.3 Neogene exhumation

Studies based on sonic velocity anomalies, vitrinite reflectance, geometric-stratigraphic
considerations or apatite fission track analysis have all indicated a substantial Neogene
exhumation of the northern and eastern part of the Norwegian-Danish Basin (e.g. Japsen
1993, 1998; Jensen & Schmidt 1992; Michelsen & Nielsen 1993; Japsen & Bidstrup 1999;
Petersen et al. 2003). However, uncertainties exist when it comes to the precise amount of
exhumation. The most comprehensive attempt to quantify the Neogene exhumation was
presented by Japsen & Bidstrup (1999) who combined sonic data and 1D basin modelling
from 68 Danish wells. Their results suggest ca. 750-1000 m of exhumation in the Farsund
Basin being largest close to the Norwegian coast. The new vitrinite reflectance data from
the Felicia-1/1A well indicates 800 m (Petersen & Nielsen 2005) compared to 800-1000
from the new AFTA data, 1020 m based on shale velocities and 712 m based on chalk
velocities. Poor AFTA data from the IKU/Sintef shallow cores northeast of the Farsund Ba-
sin suggest erosion of 1.8-2.2 km of sediment, but constraints on the paleotemperature are
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very poor. Jensen & Schmidt (1993; their Fig. 8) suggested 1500-1800 m in the same
area. VR data suggest more exhumation in F-1 and K-1 than in Felicia-1/1A (as also sug-
gested by Jensen & Schmidt 1993 based partly on the same data set), which seems to
contradict the evidence from the thickness of preserved Cenozoic strata in these wells. On
the other hand, the original thickness of the Cenozoic is unknown and the trend of the ex-
humation contours may be more complicated than previously thought. Hence, a number of
considerations including sonic, VR, AFTA and stratigraphic data are recommended for the
crucial estimation of Neogene exhumation of the Farsund Basin.

The apatite fission track analysis carried out on samples form Felicia-1/1A indicates that
cooling (uplift/erosion) began in mid-Cenozoic time between 45-20 Ma, followed by a re-
newed subsidence phase and then a subsequent cooling from a lower temperature be-
tween 15-0 Ma. Thus the maximum temperature for the potential source rocks was
reached between 45 and 20 Ma (Geotrack report 941; Japsen et al.2007).
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10. Conclusion

The structural and stratigraphic development of eastern Norwegian-Danish Basin is rela-
tively well documented by interpretations of the available seismic and well data. These data
provides a framework for the predictions of undrilled stratigraphy. The data indicate several
stratigraphic units which contain potential reservoirs for CO, storage. In this collection of
information the emphasis has been on the Upper Triassic—Lower Jurassic Gassum Foma-
tion and the Middle Jurassic Haldager Sand Formation, which both provides a large poten-
tial for CO, storage within the study area.

Well data is very sparse from the Norwegian sector in the eastern part of the basin. This
report thus compiles a large amount of Danish well data, which in combination with avail-
able seismic data and new information from the IKU/Sintef core wells provide robust guide-
lines for the predictions of reservoir properties in undrilled areas. The scope of the report
has mainly been to supplement previous reporting to the project group by integrating the
data and to provide the group with the primary data that can facilitate predictions of reser-
voir properties at the local areas selected by Universitet i Oslo, UiO for detailed modelling.
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11. Enclosures

Seven log panels primarily showing lithostratigraphic correlation of the Skagerrak, Vinding,
Gassum and Haldager Sand Formation have made been constructed and in included here

in A4-format.

The logpanels have been forwarded to Universitet i Oslo in large scale hardcopy print for
further consideration. The log panels are designed as contribution for discussions among
the project participants for a coming project meeting.
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